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CHAPTER 1 
Introduction
Microelectronic devices are finding wide applications in many diverse areas of life; from 
high-end engineering workstations to washing machines, integrated circuits are found ev­
erywhere. The desire to achieve better performance and more functionality has led to a 
continuous increase in the device density on these chips. This has most often been ac­
complished by reducing the featme size of the individual devices. Commercial devices are 
presently fabricated with feature sizes on the order of 0.35 /xm, while much smaller de­
vices are under development in research laboratories. As critical dimensions shrink, better 
process control becomes important for a  number of the fabrication steps. Tighter process 
control requirements will accelerate the adoption of in situ  control methods and metrology 
[96]. Reactive ion etching (RIE) is one area in which real-time process control will become 
increasingly important [82].
The focus of this dissertation is to explore how real-time feedback control may be used 
to improve the reactive ion etching process. In particular, the goals of this research were 
to 1) configure a plasma etch tool to allow real-time feedback control, 2 ) develop control- 
oriented models of the etching process, 3) develop control algorithms based on these models, 
and 4) show that the application of real-time feedback control can improve the quality of
1
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the etch process. In this introduction, I will provide a brief overview of microelectronic 
fabrication processes. This will be followed by a detailed discussion of the reactive ion 
etching process. The application of real-time control techniques to a variety of fabrication 
processes will then be described. I will conclude with a brief outline of the chapters of this 
dissertation.
1.1 Microelectronic Fabrication
Integrated circuits are fabricated on thin (~  0.5 mm) disks of crystalline silicon known 
as wafers. These wafers are currently as large as 200 mm (8 inches) in diameter, and even 
larger wafers are planned for the near future. Each wafer may contain as many as 100 
integrated circuit chips, with each chip containing over 3 million devices. Each of these 
devices needs to be uniformly fabricated with very small defect densities.
The fabrication process is often broken down into a number of mask levels; there are 
over twenty of these mask levels in the fabrication of a modern microprocessor. At each level 
several unit process steps are performed. These steps can be loosely arranged into three 
categories: film growth/deposition, doping, and pattern transfer. A complete description 
of the unit process steps can be found in [66,101,108] and the integration of these steps to 
fabricate working devices can be found in [101,107]. The etching process is part of pattern 
transfer, so I will concentrate on describing this category.
Pattern transfer can be broken down into two process steps. In a process known as 
lithography, the desired geometric pattern is transfered from a mask to the mask layer 
on the wafer surface. Then, during the etch process, material is removed from areas left 
exposed by the mask layer. My research focused on applying real-time feedback control to 
the latter of these steps.
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1 .1 .1  L ith ograp h y
The most commonly used material for the masking layer is a  photosensitive polymer 
known as photoresist. Other materials (such as oxides, nitrides, and metals) are also used as 
masking layers, though photoresist is still used to define patterns in them. The lithographic 
process for photoresist is shown in Figure 1.1. First, the photoresist is spin-coated onto the 
wafer substrate and baked dry. The desired pattern for the mask level is then projected onto 
the photoresist. This is commonly done using ultraviolet light, though x-rays and electron 
beams are used in some applications. There are two types of photoresist, positive and 
negative. Positive photoresist contains an inhibitor component that prevents dissolution 
in a  solvent [66]. During exposure, this inhibitor is chemically transformed and the resist 
becomes solnble. The resist is then developed using a solvent to dissolve the exposed regions. 
In the case of negative resist, the absorption of photons leads to crosslinking of the polymers 
[66]. During development, the crosslinked regions are not dissolved and the negative of the 
mask pattern is formed in the resist.
1 .1 .2  E tch in g
After the pattern has been transferred to the mask layer, the material left unprotected 
by the mask is removed. This process is known as etching. My research focused on the 
etching of polycrystalline silicon (polysilicon).
The etching process must be controlled to only remove the desired material layer, leaving 
the underlying layer essentially untouched. There are a number of characteristics that 
determine the quality of the etching process. These include, but are not limited to:
E tc h  R a te  The rate of removal of material.
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Figure 1.1: The lithographic process.
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Anisotropic Isotropic
F ig u re  1.2: A n iso tro p ic  an d  iso tro p ic  e tch in g  o f sm all lin ew id th s .
S electiv ity  The etch rate ratio between the layer being etched and other layers, such as 
the photoresist or the underlying film.
A n iso tro p y  The dependence of etch rate on direction. This usually refers to  greater
vertical than horizontal etch rate.
U n ifo rm ity  The variation of the etch across the entire wafer or between multiple wafers
in batch reactors.
S urface D am age Damage to the surface caused by the etch.
A useful etch process has a number of requirements on these characteristics [108]. In 
order to achieve high throughput, the etch rate should be rapid. Additionally, in many 
recipes the etch time is predetermined; therefore, the etch rate needs to have little variation 
from run to  run. In order to preserve the integrity of the masked pattern, the etch needs to 
be highly selective with respect to the masking layer; otherwise mask erosion will lead to 
changes in critical dimensions. Selectivity to the underlying layer is also necessary, as it is 
important not to remove a significant amount of material from this layer. This is especially 
important in the etching of polysilicon where the gate oxide below the polysilicon can be 
as thin as lOOÂor less. The etch needs to be highly uniform so that the same amount of 
material is removed across the entire wafer. The degree of anisotropy is important in order 
to achieve an acceptable sidewall profile. Sidewall profiles need to be vertical when etching
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Vertical Sloped
Figure 1.3: Step  coverage over vertical and sloped sidewalls.
small linewidths; otherwise there will be a loss in the integrity of the transfered pattern, 
as shown in Figure 1.2. However, as is shown in Figure 1.3, sloped sidewalls are necessary 
when step coverage by subsequent materials is required. Finally, the electrical properties of 
the material below that layer being etched must be undamaged.
One of the early techniques for removing materials is known as wet etching. In wet 
etching the wafers are dipped into a liquid solution, such as hydrofluoric acid (HF), which 
chemically reacts with the exposed surface. Through the appropriate choice of chemistry, 
it is possible to get very high selectivity to both the mask and underlying layer. However, 
wet etching is isotropic^; i.e., material is physically removed in a direction normal to the 
surface. As depicted in Figure 1.2, when the critical dimensions are of the same size as the 
thickness of the layer being etched, isotropic etching can lead to significant changes in the 
desired linewidths. In this case, it is desirable to have a  controlled degree of anisotropy in 
the etch.
As linewidths became smaller, an alternative technique known as dry etching emerged. 
In this technique, wafers are etched by being exposed to a  low temperature plasma, as 
opposed to a liquid etchant. Dry etching can be broken down into a  number of different 
regimes: plasma etching, sputter etching, and reactive ion etching. In plasma etching, 
neutral radicals generated in the plasma chemically react with the wafer surface to remove
‘There are situations where the orientation of the crystal can lead to an anisotropic wet etch, but these 
are beyond the scope of this introduction.
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material. This process tends to be highly isotropic in nature. In sputter etching (or a 
related technique known as ion milling^), material is physical removed by high energy ion 
bombardment [43]; this provides highly anisotropic etching but unacceptable selectivities 
and surface damage. In between these two extremes is reactive ion etching, where the etch 
is both chemical and physical in nature. By the appropriate choice of conditions, trade­
offs between anisotropy, selectivity, and surface damage can be made. Today, reactive ion 
etching is the main etch process used in integrated circuit production.
1.2 Reactive Ion Etching
In reactive ion etching, material is removed through the interaction of neutral radicals 
and ions from the plasma with the wafer surface. In this section, I will first present an 
overview of the plasmas used for reactive ion etching. This will be followed by a discussion 
of the various etch mechanisms.
1 .2 .1  P la sm a  P r o p er tie s
A plasma is a collection of free charged particles moving in random directions; on average 
a plasma is electrically neutral and thus exhibits no net charge [68]. Plasmas used for 
semiconductor fabrication are, in general, weakly ionized, electrically driven, and not in 
thermal equilibrium. Overviews of plasmas used for microelectronic processing can be 
found in [16,45,68,108].
In reactive ion etching, the plasmas are generated in a vacuum chamber at pressures be­
tween 5 and 100 mTorr. A typical parallel plate reactive ion etcher is shown in Figure 1.4. A 
mixture of gases enters the chamber through a showerhead in the upper electrode. Chamber
‘'Ion milling is similar to sputter etching except that ions are not generated in a plasma but from an ion 
source in a high vacuum environment.
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Figure 1.4: Typical parallel p late reactive ion etcher.
pressure is controlled by a throttle or sliding valve which regulates the exhaust of process 
gases by a high vacuum pump. A high frequency^ rf generator is capacitively coupled to the 
lower electrode, while the showerhead and chamber walls are grounded. The application of 
a large electric field across the electrodes results in ionization of the feed gas and generation 
of the plasma.
The electric field causes firee electrons in the chamber to accelerate to high energies 
(~  2eV) and these electrons collide with various species in the gas, thereby inducing a 
number of reactions. The most important of these collisions in sustaining the plasma is 
electron impact ionization in which the primary electron removes an electron from the 
atom, producing a  positive ion and two electrons [16]. These two electrons are accelerated
^Typically 13.56 MHz, a frequency which has been allotted by the Federal Communications Commission 
for industrial, scientific, and medical use [101].
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
by the field and produce additional collisions, often causing more ionizations. It is this 
chain reaction that sustains the plasma. If the colliding electron does not have sufficient 
energy to ionize the atom, it still may excite a bound electron to a higher energy level. 
When this electron relaxes down to a lower energy state, the atom emits a photon. It is this 
process that gives a plasma its characteristic glow and why plasmas are often referred to 
as glow discharges. Electrons may also collide with molecules and break the bonds between 
atoms. This dissociation process results in atoms and molecules, both neutral and ionized. 
Typically, on the order of 10% of the feed gas is dissociated [42]. Even with all of these 
various collision processes, the ionization for plasmas used in RIE is typically between 10“ ® 
and 10“ '^ ; hence, these plasmas are made up mostly of neutral molecules.
The feed gas mixture used to produce the plasma depends on the material being etched. 
The chemistries used to etch various materials are shown in Table 1.1. In this research, 
real-time control was applied to CF4 and CF4/O 2 etching of polysilicon. A large number 
of reactions occur in these plasmas; many of which are listed in [12,27]. The dominant 
reactions include [91]
e -  4- CF4 -4  CF^ +  F +  2e“ , (1 .1)
e -f CF4 —> CF2 4- 2F 4- e“ , (1.2)
CF3 4- CF3 -4' C2F6, (1.3)
CF3 4 -F  —> CF4, (1.4)
CF2 + 2F -4 - CF4. (1.5)
The acceleration of the electrons by the rf field not only causes dissociation and ionization 
of the gas species, but also induces a bias on the electrode. This can be seen by assuming 
that the plasma potential is near zero, with respect to ground, and considering the model of
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Material Plasma Chemistries
Si CF4, CF4/O2, CI2, SF6/O2/CI2, NF3, CCI4, Brz
SiOz CF4, CF4/H2, CHF3/O2
SiNa CF4/O2/H2, CHF3
Silicides O2, CF4/O2, SFe/02
Al BCI3, BCI3/CI2, CCI4/CI2/BCI3, SiCl4/Cl2
Table 1.1: E tch  chem istries.
the rf discharge circuit shown in Figure 1.5. In this figure, %% is the voltage of the generator, 
Vb is the voltage of the powered electrode, Vi is the potential between the plasma and the 
powered electrode, V2 is the potential between the plasma and the grounded electrode, 
and A i and A2 are the surface areas of the powered and grounded electrodes, respectively. 
In order to sustain the discharge, ion current to the electrode must balance the electron 
current. Because the electrons are much lighter than the ions (mg ~  10“^mj), they require 
a much smaller field to conduct a given current. In order to balance the electron and ion 
fluxes, a negative dc bias develops on the powered electrode [52]. Therefore, as shown in 
Figure 1 . 6, Vj is positive for only a small portion of the rf cycle. The thickness across 
which this dc voltage develops is known as the sheath. The presence of the bias voltage 
leads to almost continuous bombardment of the wafer by the ions. At the same time, due 
to their small mass, electrons are rapidly accelerated away from the electrode. Therefore, 
the electron density in the sheath is drastically reduced. The electrons that are present in 
the sheath can gain higher energy from the field than those in the bulk plasma. When these 
electrons collide with atoms in the sheath, they are more likely to cause ionization, rather 
than excitation events [108]. This leads to less photon emission from relaxation of excited
10
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Figure 1.6: Voltage waveforms in rf discharge.
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atoms than in the bulk; therefore, the sheaths are darker than the rest of the discharge and 
are also referred to as dark spaces. Complete details of this phenomenon can be found in 
[16].
A sheath also develops between the plasma and the grounded electrode leading to a 
positive plasma potential (V2 ). If it is assumed that the ions traverse the dark space without 
collision then the voltages between each electrode and the plasma are related by [63]
However, in practice most experiments have shown that
   '  <'■'>
with q < 2.5. It is thought that this difference is because the sheaths are not completely col- 
Usionless [16]. At process conditions used in this research the mean free path of the ions was 
on the order of 4 mm and the sheath thickness was measured to be approximately 13 mm. 
Therefore, ions collide rarely while traversing the dark space and the above relationship 
approximately holds. In RIE, the chamber walls are part of the grounded electrode; hence, 
the grounded electrode generally has a much larger surface area than has the powered elec­
trode. This leads to a large bias between the plasma and the powered electrode (hi), and 
a small one with respect to ground {V2 ). The resulting potential distribution is similar to 
that shown in Figure 1.7. In this figure, the dc bias voltage refers to the bias of the powered 
electrode with respect to ground.
1 .2 .2  E tch  M ech an ism s
Reactive ion etching is actually a misleading name for the process [21]. A more de­
scriptive name would be ion enhanced etching. In the RIE process, the surface is exposed
12
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plasma potential
dc bias voltage
Figure 1.7: P otentia l d istribution  in an asym m etric parallel p late reactor.
to both thermal radicals and high energy ions. In the case of silicon etching performed in 
a tetrafluoromethane (CF4) plasma, the neutral radicals are fluorine atoms and the ions 
are mainly C F j. Reactions at the surface lead to the formation of SiF^ which desorbs, 
removing silicon from the surface (Figure 1.8).
C F 3-
;
Figure 1.8: Etch species and product.
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R ole o f  neutral radiccils
A number of steps must occur for etching to take place at the wafer surface. First, the 
radicals must diffuse to the wafer and adsorb onto the surface. The radicals then react with 
the surface material to form a volatile reaction product. Etching is complete when these 
reaction products desorb into the gas phase and diffuse away from the wafer surface. In the 
case of fluorine etching of silicon, these steps are
Adsorption; Fgas -4- Fads, (1-8)
Reaction: Si +  4Fads ^  (SiF^)^^,, (1.9)
Desorption: (SiF4)„^  ^ -4 (SiF4)^„^, (1.10)
where the subscript ÿas denotes species in the gas phase and ads denotes species adsorbed 
onto the silicon surface. All of these steps are necessary for etching to proceed and any of 
them can limit the etch rate.
The adsorption step can be rate limited by the supply of fluorine at the surface. There­
fore, the flux of fluorine radicals is an important parameter in controlling the etch. In
general, the flux of a neutral species is given by [16]
P i =  per unit area, (1.11)
where is the concentration and is the mean speed of species x.  The mean speed is 
given by
Cx —
where T  is the temperature of species x,  is the mass of species x, and k  is Boltzmann’s 
constant. From this equation, it can be seen that the flux of fluorine radicals is proportional
14
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to their concentration in the plasma. This fact was im portant to the development of the 
control strategy.
R ole o f th e Ions
The role of the ions is not to react with the surface but to enhance reactions involving 
sihcon and fluorine on the surface. In capacitively coupled plasmas, such as those used 
in reactive ion etching, the etch yield (sihcon atoms etched per incident ion) is typically 
around 8 [103]. The major etch product is SiF^; therefore, the removal of 8 silicon atoms 
requires 32 fluorine radicals. This is much more than can be provided by a  single C F j ion. 
The main effect of the ions is therefore to enhance the chemical etching process.
There have been several mechanisms proposed to explain the effect of ion bombardment 
[73]. These include chemically enhanced physical sputtering [75], surface damage enhanced 
reaction rates [35], and ion assisted gas-surface chemistry. The latter is generally accepted 
for the case of fluorine etching of silicon [103]. It is believed th a t the energy supplied by 
ions impacting the surface increases the surface mobility, and thus enhances the formation 
and desorption of volatile products.
Ion bombardment can also change the nature of the reactions on the surface. Molecules 
of SiFx will not spontaneously react to form volatile SiF^; thus atomic fluorine is necessary 
for etching to occur [106]. However, ion bombardment will indeed cause this reaction to 
occur. In addition, while SiFg is normally strongly bound to the surface, ion collisions can 
leave this molecule in a  weakly bound state [106]. Hence, the SiFg can then thermally 
desorb after the collision.
The degree to which the ions enhance the etch rate is a function of their incident energy. 
The etch yield for an ion increases with both the ion energy and the flux ratio between
15
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Figure 1.9: D irectional etch produced by ion bom bardm ent.
fluorine radicals and ions, approaching saturation for high flux ratios [44]. The removal 
rate of silicon atoms is thus
Etch rate =  po ^ ^/ons'j x  E/ons, (1.13)
where po is the etch yield, E ^ is  the flux of fluorine radicals, F/ons is the flux of ions, and 
^lons is the energy of the ions. The energy of the ions is given by
^ lo n s  —  Q [F plasm a ^ b ia s )  i (1.14)
where g is a unit charge and Vpiasma is the dc plasma potential shown in Figure 1.7. The 
plasma potential is generally small {Vpiasma ~  201/) ; therefore, assuming that most of the 
ions are singly charged, qVbias is a good estimate of energy of the ions.
In reactive ion etching, it is the enhancement of etch rate due to ion bombardment that 
causes anisotropic etching. The ions only bombard the surface in areas left unprotected by 
the mask. Thus, as shown in Figure 1.9, ion enhanced etching occurs on the bottom surface,
16
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Figure 1.10: E tch  rate w ith  and w ithout ion bom bardm ent [38].
of a trench, while only chemical etching occurs on the sidewalls. The degree of anisotropy 
is controlled by the flux and energy of the ions, as well as the flux of neutral radicals.
1 .2 .3  S id ew all P a ssiv a tio n
Anisotropic etching is important to the production of microelectronic devices with small 
linewidths. Using ion beam studies with XeP2 gas, it has been shown (see Figure 1.10) that 
the vertical etch rate and undercut etch rate go to zero together [38]. Therefore, it is 
not possible to get vertical sidewalls with a fluorine chemistry unless some sort of sidewall 
passivation is used. One method of achieving vertical sidewalls is by using a chemistry that 
deposits a polymeric film [42]. In this case, the polymerized films deposit on all the surfaces, 
including the surfaces of the trench being etched. As shown in Figure 1.11, high directional 
bombardment by the ions removes this film from the bottom surface but leaves the walls 
untouched [23]. This continuous clearing of the bottom allows etching to proceed in the
17
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Figure 1 .11 : Sidew all passivation through polym erization.
vertical direction while the polymers inhibit etching of the sidewalls.
The key to this technique is to operate the plasma in a  regime where polymeric films 
form on surfaces protected from ion bombardment while etching proceeds on the exposed 
surfaces. The separation between etching and polymerization can be qualitatively described 
by the fiuorine-to-carbon (F/C) ratio of the plasma. The ratio includes only those species 
which participate in the etching or polymerizing chemistry {e.g. F, CF3 , CFg, CF, CF3 , 
etc. ) and excludes inert species {e.g. CF4, C2F 6, SiF^, CO, CO2, HF, etc. ). Increasing 
the ratio leads to increased Si etch rates, and decreasing the ratio lowers the etch rates 
and encourages polymerization [108]. The threshold between etching and polymerization 
varies with Vbias as shown in Figure 1.12. The F /C  ratio can be varied by the addition 
of O2 or H2 to the feed gas. The addition of O2 to the plasma chemistry consumes C (by 
forming CO and CO2), while the addition of H2 consumes F (by forming HF). By controlling 
the gas chemistry, polymers can be selectively deposited on the sidewalls and thus lead to
18
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anisotropic etching.
1.3 Applications of Feedback Control to Semiconductor Fab­
rication Processes
Traditional process control in the semiconductor industry has been primarily based on a 
collection of separate feedback loops relating one measurement of interest to one actuator. 
Over the past decade, there have been a number of different applications of multivariable 
feedback control to a variety of fabrication steps. Common to all of these applications 
is that the control algorithms are based on models of the particular process and in most
19
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cases multiple process parameters (either of different process variables or of a single vari­
able at different locations) are controlled by manipulating various equipment parameters. 
In addition, they all use real-time feedback in the sense that equipment parameters are 
manipulated during the process to maintain specified process conditions.
One of the first such applications was undertaken at the University of Texas at Austin. 
This group explored real-time monitoring and control for reactive ion etching of sihcon and 
sihcon dioxide [13,76,77]. This work apphed block relative gain array analysis to sihcon 
and silicon dioxide etching with both CF4/O 2 and CF4/H 2 plasmas. It was seen that single 
loop feedback control was inadequate for both of these etching processes [13]. Multivariable 
control was found to be effective in reducing dynamic process fluctuations.
During the fall of 1991, members of the Solid-State Electronics Laboratory and the 
Control Systems Laboratory at the University of Michigan began joint work on controlling 
the reactive ion etching process for polysilicon gate etching. An overview of applications 
of real-time feedback control to RIE at the University of Michigan was presented at the 
Electrochemical Society’s 187th Meeting [46]. The basic idea of the control strategies is to 
decompose the reactive ion etching process into a plasma generation process and a wafer etch 
process. This will be discussed in detail in Section 3.1. Control of plasma characteristics has 
been shown to reject disturbances to the etch process [29,86,87]. The effect of controlling 
different sets of plasma characteristics was also explored [30], as well as the benefits of 
using a multiple-input multiple-output controller versus several “independent” single-input 
single-output controllers [30,37]. In addition, this control strategy has been applied to 
etching amorphous silicon for thin film transistors [51]. A similar strategy has been applied 
to control sidewall profile [85]. The above work has been based on linear models and 
controllers for the plasma generation process. Nonlinear modeling and control have also
20
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been applied [105].
Mutsukura, et al. [81] at Tokyo Denki University have applied real-time feedback to 
control optical sheath thickness and maximum optical intensity in etching plasmas. In this 
work, the spatial distribution of the optical emission intensity was measured with a CCD 
camera. Unlike the University of Michigan, no steps were taken to measure any particular 
wavelength of the emission. Prom this measurement, a sheath thickness and maximum 
optical intensity were extracted. A real-time feedback controller was used to regulate these 
plasma parameters by varying chamber pressure and applied power. It was shown that 
using this technique reduced the variance of etch depth over a number of trials.
Another application of modern control techniques has been to Rapid Thermal Processing 
(RTF) of single wafers. RTF is being explored as a possible way to overcome the uniformity 
problems associated with multiwafer furnaces [28]. A number of groups have been applying 
various modeling and control strategies to RTF. A joint group from Stanford University 
and Texas Instruments’ Microelectronics Manufacturing Science and Technology project 
have been using low-order nonlinear models of a RTF system [93]. This model was then 
linearized and its unknown parameters were fit from experimental data [19,95]. Based on 
this model, feedback control was applied using the Internal Model Control strategy [94]. 
Likewise, a group from the University of Texas at Austin [28,100] has applied a  successively 
linearized quadratic dynamic matrix control (QDMC) strategy [11] to an RTF developed 
at Sematech.
A strategy similar to that employed at the University of Michigan is being applied 
to plasma enhanced chemical vapor deposition (FECVD) at Carnegie Mellon University 
[18,62]. This work has focused on the deposition of silicon nitride using SiIÎ4 and NH3. 
A quadrapole mass spectrometer is used to measure key partial pressures in the plasma.
21
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Experimental results will be presented in the near future [18].
All of the applications presented above focus on the processing of silicon wafers. Addi­
tionally, real-time control techniques have been applied to the processing of compound 
semiconductors. Looze, et al. [71,72] have applied lead compensation to Czochralski 
growth of GaAs. Celii, et al. [14] have used spectroscopic ellipsometry to control layer 
thicknesses in AlAs/Ino.ssGao.^yAs resonant-tunneling diodes grown using molecular beam 
epitaxy (MBE).
1.4 Outline of the Dissertation
At the beginning of this introduction, the specific goals of this research were listed. 
First, it was important to configure our reactive ion etcher to allow the implementation 
of real-time feedback control. This will be described in Chapter 2. Next, as described in 
Chapter 3, a control-oriented model of the plasma generation process was developed. T his 
model was used in Chapter 4 to design and implement a controller which rejects etch rate 
disturbances. The same strategy was employed in Chapter 5 to control sidewall profile. The 
dissertation will conclude with a discussion of future directions for this research.
22
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CHAPTER 2 
Experimental Apparatus
A major portion of the research presented in this dissertation has been experimental in 
nature. All of the plasma and etch experiments were performed using an Applied Materials 
Precision Etch 8300 (AME-8300)^ which was donated by the manufacturer to the Solid- 
State Electronics Laboratory (SSEL) at the University of Michigan in 1987. This etcher, as 
with most commercially available etch systems, was designed for a  production environment 
and was not configured for in situ measurements or the application of real-time control 
techniques. The first portion of my research focused on modifying our AME-8300 for the 
implementation of real-time feedback control.
2.1 Precision Etch 8300 Hexode RIE
The AME-8300 is a hexode reactive ion etcher (see Figure 2.1), where wafers are placed 
vertically on a hexagonally shaped powered electrode and the bell jar acts as the grounded 
electrode. The AME-8300 at the University of Michigan was designed to simultaneously etch 
18 four inch wafers, though in this research it was used as a single wafer etcher. The hexode
'The system was not truly an 8300 series etcher, but instead a hybrid between the 8100 and 8300 series. 
It is affectionately referred to as the “Mule.”
23
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Figure 2.1: Precision Etch 8300 hexode reactive ion etcher.
has approximately one third the surface area of the bell jar. As was seen in Equation 
1.7, this difference in surface area allows high energy ion bombardment of the powered 
electrode while minimizing the bombardment of the grounded electrode and other chamber 
surfaces. Process gases are mixed in a manifold and then enter the chamber in a sprinkler 
fashion through vertical pipes across from each corner of the hexode. The gas reactants are 
removed from the chamber by a turbomolecular pump with the exhaust conductance from 
the chamber regulated by a throttle valve. It is important to note that our system does not 
have a load lock, thus requiring the chamber to be vented to atmosphere each time a wafer 
is loaded. As will be explained in Section 4.2.1, this has had a strong impact on the etching 
process.
The AME-8300 comes standard with two viewports at which optical sensors can be 
mounted. One of the viewports is on the upper portion of the clam shell and moves with 
the top of the chamber when wafers are loaded. The other port has occasionally been
24
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occupied by an infrared camera and more recently by a mass spectrometer. Neither port 
provided a  stable mounting point for the optical sensors used in this research. Therefore, 
two additional 4 inch optical viewports were added to the face of the reactor where the gate 
valve for a load lock would have been situated. Optical breadboards were mounted below 
each of these windows to create a  flexible and sturdy platform for the optical sensors.
2 .1 .1  A c tu a to rs
It was necessary to upgrade some of the actuators on the reactive ion etcher in order 
to improve our ability to control the process. The existing throttle valve, which regulates 
the exhaust of reactant gases from the chamber, had several shortcomings from the point 
of view of dynamic control. These included a  large leakage conductance when fully closed, 
an operating regime near saturation, hysteresis in the motion of the valve, and the lack of 
a sensor for measuring actual valve position. The valve was replaced with an MKS Type 
652A Throttle Valve and an MKS Type 653 Throttle Valve Controller. This valve was sized 
to be smaller than the old one, thus moving the operating region away from saturation. In 
addition, the valve has a low leakage conductance when fully closed, a good response time, 
and a sensor to measure the actual valve position. The throttle valve controller allows 
either the specification of a pressure setpoint to be regulated by an internal PID loop or 
the direct control of throttle position. The RF power actuator includes a Henry Electronics 
2000W, 13.56 MHz generation unit and an RF Services RF8300RL matching network. The 
AME-8300 was originally supplied with a Micro-Match 8300N matching network supplied by 
Applied Materials. The upgraded matching network does a better job matching impedances 
(as measured by reflected power), has a quicker response time, and has a peak-to-peak 
voltage (Vpp) measurement. The Vpp is used by related research efforts, but not utilized
25
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in this work. Gas flows are regulated by MKS Type 2259C Mass Flow Controllers and are 
mixed in a manifold prior to entering the process chamber. These flow controllers were 
sized to give the highest resolution over the flow rates necessary for this work.
During this research, short interm ittent fluctuations in the gas flow rates were noted. 
It was suspected that these were due to the pressure regulator on the gas bottles [36]. 
These fluctuations, while short enough to have neghgible efiect on etch results, could make 
dynamic modeling difficult. The fluctuation problem was solved by placing a 2 /im VCR 
filter gasket in the outlet valve just downstream of the pressure regulator.
2 .1 .2  S en sors
Three types of sensors were used to make in situ measurements of the plasma environ­
ment for feedback control. The dc bias voltage (V^as) was measured through an inductive 
tap on the powered electrode side of the matching network. Pressure in the chamber was 
monitored by an MKS Type 127A Baratron Capacitance Manometer. A typical operating 
regime for reactive ion etching in the AME-8300 is around 20 mTorr. The manometer, which 
originally had full scale range of 1 Torr, was resized to 100 mTorr to improve its resolution. 
The fluorine concentration is estimated via optical emission spectroscopy using actinome­
try; details of actinometry are presented in Section 2.1.3. In addition to these sensors, the 
AME-8300 was fitted with a laser reflectometry system to measure in situ etch rate; details 
on the reflectometry system are presented in Section 2.1.4. This measurement was only 
used to verify the performance of the control schemes and not for real-time feedback.
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2 .1 .3  F lu orin e  C o n cen tra tio n  E stim a te
The fluorine concentration in the bulk plasma is strongly related to properties of the 
etch [44]. Unfortunately, it is not possible to directly measure fluorine concentration without 
perturbing the plasma. In research, various probes are sometimes used to sample the plasma 
chemistry; it is very difficult to relate plasma characteristics near the probe to those of the 
unperturbed plasma [56]. These probes are therefore not useful in measuring properties of 
a plasma during processing. Instead, the fluorine concentration is indirectly measured via 
optical emission spectroscopy using a technique known as actinometry.
A ctinom etry
The emission intensity from a spectral line of species x  is given by [58] 
Ix  =  Nx (2 .1)
/•OO
/  Qx{P,Ne)ax{e)Ne{e)de ,
Uo
where Nx  is the concentration of species x , Qx is the quantum yield from a  given higher 
energy excited state to a  given lower energy excited state, P  is pressure, ax is the excitation 
cross section from the ground state to a given excited state of electron energy e, and fVg 
is the electron density in an electron energy range de. Because several of these parameters 
are unknown and impossible to measure, we use a technique known as actinometry [22]. In 
actinometry, a small amount of an inert gas, having excitation characteristics similar to the 
species of interest, is added to the feed gas; the inert gas is referred to as an actinometer. 
As will be seen below, the appropriate choice of spectral lines allows the concentration Nx  
to be determined without calculating the integral in Equation 2.1. Argon is used as an 
actinometer for fluorine concentration estimates.
The fluorine concentration estimate is found by first noting that the spectral line inten­
sities are proportional to the corresponding excited state population densities {N*) of each
27
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of the species,
I f  oc N p  (2.2)
and
Z j,. K / f i r -  (:h 3 )
It is necessary that the excitation efficiencies for the excited states corresponding to the 
spectral lines used in actinometry have similar dependence on plasma parameters [22]. In 
practice, both excited states need to have similar excitation thresholds and must only be 
populated from the ground state by electron collisions.
For fluorine actinometry, the 703.75 nm and 750.39 nm emission lines of fluorine and 
argon, respectively, satisfy these requirements. The excited states for these transitions have 
similar excitation thresholds [99], as shown in Figure 2.2. For low density plasmas, such 
as those used in RIE, these states are also only populated by electron excitation from the 
ground state [40]. From this choice of spectral lines:
S - S '
Therefore,
N f  = k ^ N A r ,  (2.5)
^At
where k is a proportionality constant known as the actinometric constant. We define 7  to 
be the fraction of Ar in the chamber,
.  =  t  =  ( - )
where N  is the total concentration of species in the chamber. Note that from the ideal gas 
law
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where n is number of molecules, V  is the chamber volume, P  is the chamber pressure, R  
is the universal gas constant {R =  8.314 J/m ol °K )  and T  is the tem perature in degrees 
Kelvin. Therefore,
^ A r  — 7 ^  (2 .8)
and
Implicit in these equations is the assumption that the neutral tem perature in the plasma 
remains constant. This assumption is based on the fact that the radicals remain “cold” in 
the plasma.
In general, it is assumed that the fraction of argon in the plasma is equal to  the percent­
age of argon in the feed gas. This assumption is reasonable as the dissociation of the feed 
gases is usually between 0.01 and 10 percent [68]. This leads to the traditional estimate of 
fluorine concentration
N f  — P, (2 .10)
^Ar
where k =  and is the percentage of total flow which is argon t]'
Thus, j f iw  P  is an estimate of the argon partial pressure (PAr)- This equation is differ­
ent from those traditionally seen in the literature [88] as it accounts for variations in the 
percentage of argon in the feed gas.
Throughout this dissertation no attem pt was made to determine the actinometry con­
stant k. In addition, during the etch rate control portion of this research the percentage of 
argon in the feed gas was held constant at 5% by premixing it with CF4 in the gas bottle. 
Thus, the fluorine concentration estimate used in Chapters 3 and 4 was
[F] =  ^ P  (2.11)^Ar
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In the sidewall profile control experiments, O2 was added to  the CF4 chemistry. Initially, 
to insure a constant percentage of argon in the feed gas, a separate mass flow controller was 
used to regulate argon flow. The cirgon flow rate was typically quite small (~  1.5 seem) and 
the exact flow rate was not very reproducible. Therefore, the premixed CF4 /A r bottle was 
again used and the percentage of argon in the gas mixture dynamically calculated. Due to 
this, the fluorine concentration estimate used in Chapter 5 was
[f] =  (2 .12)
^Ar
The fluorine estimator presented in Equation 2.10 assumes that the relative concentra­
tion of argon in the chamber is equal to the percentage of argon in the feed gas. In the case 
when the dissociation is not negligible Equation 2.10 overestimates the actual fluorine con­
centration. In addition, as shown in Figure 2.3, outgassing from the chamber walls serves 
to dilute the argon partial pressure. This is particularly a problem for the reactor used in 
this research, as it does not have a load lock. It was necessary to expose the chamber to 
the ambient atmosphere every time a wafer was loaded to be etched. In doing this, water 
vapor adsorbs on the walls of the chamber; this moisture then desorbs when the plasma is 
struck. Because of the large surface area of the chamber walls, the moisture causes a large 
disturbance to the plasma which decays with a time constant on the order of 300 seconds. 
The effect of this disturbance on the etching process will be discussed in Section 4.2.
One solution to the problems associated with dilution of the actinometer is to measure 
the actual argon partial pressure in the chamber. This has been done by Jenq, et al. , 
for both RIE and electron cyclotron resonance (ECR) plasma using a mass spectrometer 
[58]. They noted that ion concentration was independent of applied power in RIE; this was 
not the case for ECR plasmas. This fact supports the assumption that there is a small 
percentage of dissociation in the plasma. Though not used in this research, an Extrel MS
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Figure 2.3: D ilution o f actinom eter.
250 mass spectrometer has recently been added to our AME-8300. It is our hope that this 
will allow us to account for argon dilution caused by outgassing from the chamber walls.
O ptical Em ission Hardware
The optics for collecting plasma emissions have gone through several iterations over 
the time period of this work, with the goal of providing better day-to-day repeatability 
and accuracy of the optical measurements. In the discussion below, I will only present the 
current system configuration.
The actinometry system is shown in Figure 2.4. Optical emission from the plasma is 
modulated to 1 kHz using a mechanical chopper and is collected by a fused silica fiber 
bundle. This bundle is bifurcated and sent to two Spex 500M 1 /2  meter monochromators, 
each with a 1200 grooves/mm holographic grating with blaze wavelength of 750 nm. The
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Figure 2.4: A ctinom etry system .
monochromators are calibrated using micro-stepper motors to the 703.7 nm and 750.4 nm 
wavelengths of the fluorine and argon spectra, respectively. The light is converted into 
electrical signals using thermoelectrically cooled Hamamatsu R928 photomultiplier tubes 
and demodulated with Stanford Research SR850 DSP Lock-In Amplifiers with a low pass 
filter time constant of 30 ms. These amplifiers use automatic phase correction, thus reducing 
sensitivity to chopper variations due to rf interference [9]. This system can also be used in 
a scanning mode to find the optical spectrum of the plasma. Figure 2.5 shows the optical 
spectrum between 675 and 775 nm for a CF^/Ar plasma.
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2 .1 .4  E tch  R a te  M ea su rem en t
One of the performance metrics used for evaluating the effectiveness of the control 
strategies was their the ability to reject disturbances to etch rate. In order to make this 
evaluation, the etch rate was measured during the length of the run through optical inter- 
ferometry. After presenting a brief overview of interference from thin films, the hardware 
used in this research will be presented.
Interference in th in  films
Due to optical interference, a stack of thin fihn layers exhibits a refiectance that is 
dependent on the wavelength of the incident light and the thicknesses of each film layer. 
This is seen by first noting that the change in phase of light traversing the m th layer of film 
is given by
27T
6jn — "T TljjidjnCOS'lpjji, (2.13)
where Aq is the wavelength of the light in a vacuum, is the index of refraction of layer 
m, dm is the thickness of layer m, and V'm is the angle at which the light is incident on the 
interface between layers m — 1 and m. For light a t normal incidence, the Presnel reflection 
and transmission coefficients for an interface between films m  -  1 and m are given by [49]
7^71
and
im =  J " " : '  , (2.15)
^m—1 4“ 7^71
respectively. For light at angles other than =  0 see [50].
We consider the stack of k  thin film layers on a thick substrate (as shown in Figure 2 .6 )
and adopt the convention that JS+ is the electric field traveling down at interface m  and E ~
35
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likewise refers to the electric field traveling up. A similar convention is also adopted for the 
magnetic field H .  The following relationship is obtained by solving Maxwell’s equations at 
each interface [49]
. (C1HC2) "(Ck+Ü
. . .  ) t l t2 --- tk+ l
^0  % + l
where
pjS„
(Cm) =
We write the matrix product as
(Q ) (C 2) . . . ( Q + i )  =
a b 
c d
(2.17)
(2.18)
If the substrate is thick compared to the absorption wavelength of the incident light, then 
there is no negative traveling wave at the last interface, i.e., — 0; thus from Equation
2.16 we obtain
E+ -  a
(2.19)
The reflectance R  of the multilayer stack is therefore given by [49]
k) Wï
The interference between light reflected from the various surfaces changes as material
R  =
cc
aa*
( 2 .20)
is removed during the etching process. Therefore, a measurement of the reflectance of the 
wafer can be used to determine etch rates during an etch.
R eflectom etry Hardware
The reflectometry system shown in Figure 2.7 is based on a single wavelength source, 
provided by a HeNe laser. The beam is modulated by a mechanical chopper before entering
37
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Figure 2.7: R eflectom etry system .
the chamber. The reflected beam is then collected by a Thorlabs PDA50 p-i-n photodiode 
and amplified by a Stanford Research SR530 Lock-In Amplifier with a low pass filter time 
constant of 1 second. This amplifier does not have an automatic phase correction feature, 
but this was not a problem as there is ample signal-to-noise in this signal.
A typical trace of the reflectometry signal is shown in Figure 2.8. It can be found 
from Equation 2.20 that for a single wavelength of light at normal incidence ($o =  0), the 
peaks and valleys in the interference pattern correspond to thickness differences of 
where TZe{n) is the real component of the index of refraction of the layer being etched. For 
the HeNe wavelength of 632.5 nm, the time between a peak and valley corresponds to the 
etching of 417Â of polysilicon (7^e(n) =  3.768). The x’s in Figure 2.9 show the average etch 
rate (417Â divided by the time between the peak and valley) plotted at the midpoint of
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F ig u re  2.8: S am ple re flec to m etry  signal.
each time interval. From this figure there appears to be an oscillation in the etch rate, but 
this actually is due to the fact that the surface roughness of the polysilicon layer was not 
accounted for. To help in visualizing the actual etch rate, a smooth polynomial is fit to this 
data as shown in Figure 2.9. Note that data points are only available approximately once 
a minute. This is too slow to be used for real-time feedback.
Though not used in this research, two efforts have recently been undertaken to provide 
an etch rate measurement for real-time feedback. One of these involves developing an etch 
rate estimator which can extract information out of the HeNe signal at a much higher 
frequency [104]. The other utilizes a broader band light source, provided by a tungsten 
halogen lamp, and a CCD array as a detector [9].
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2.2 Data Acquisition and Control Platform
The largest modification made to the etcher was to upgrade its data acquisition and 
control software/hardware. Prior to the beginning of this work, the original control system 
on our AME-8300 had been replaced by a Techware Systems PAL 68000 process control 
computer. This system was excellent for running event-driven process recipes but was not 
capable of real-time monitoring and control^. Two major limitations were: 1) data collection 
was (asynchronously) polled and 2 ) sampling rates were limited to approximately twice a 
second. These limitations were overcome by implementing a data acquisition and control 
system using LabVIEW^ to collect data and perform real-time control actions.
^Recently, in joint work with Techware Systems, we have shown that it is possible to implement real-time 
control algorithms on Techware’s next generation of process control computers, the T-II. Work is continuing 
to develop a commercially available implementation.
 ^Lab VIEW is a graphics-based programming language from National Instruments that provide drivers 
for their Interface boards.
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2 .2 .1  L abV IE W  D a ta  A cq u isit io n  an d  C on tro l S y stem
In order to provide the data acquisition and control capabilities necessary to build 
dynamic models and apply feedback control, an Apple Quadra 950 running LabVIEW was 
piggy-backed onto the Techware computer. The LabVIEW system was only used during the 
segment of the etch process when the plasma was lit; wafer loading, pumpdown, venting, 
etc. are all controlled by the Techware computer. During the time when the plasma is lit, 
a bank of relays gives control of the equipment setpoints to the LabVIEW system, while 
sensor data can be simultaneously monitored by both computers. This wiring configuration 
is shown in Figure 2 .10 .
Our LabVIEW system consists of three expansion bus boards:
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N B -M IO -16-25L  a multifunction input-output board which has 16 signal-ended analog 
inputs, 2 analog outputs, 8 TTL inputs/outputs,’'aiid 3 counter-timers.
N B -A O - 6  an analog output board with 6 channels.
N B -D M A -2800 which provided direct memory access (DMA) and a high speed IEEE 488 
(GPIB) interface.
In developing the LabVIEW data acquisition and control system, care was taken to 
synchronize the timing of the various input and output channels. One of the counter/timers 
(CNTR#1) was configured to  produce a square wave with the period of the sampling 
interval. This signal is shared among the various boards via a  real-time system integration 
(RTSI) bus, which is a local bus connecting the boards. As seen in Figure 2.11, the sample 
interval begins on the rising edge of the CNTR#1 signal. When this rising edge occurs the 
analog output (AO) channels are updated and reading of the analog input channels (Al) is 
initiated. While the NB-MIO-16-25L board has 16 input channels, it only has one analog- 
to-digital (A/D) converter. A multiplexer switches between channels on the rising edge of 
an AI conversion pulse generated by a second counter (CNTR#2). The A/D converter on 
this board has a settling time of 25 /is; however due to a software bug in the data acquisition 
drivers the period of the AI conversion pulses was set to 90 fis. The number of conversions is 
controlled by CNTR#1 (the gating pulse), in that the CNTR#2 only runs when the gating 
pulse is high. After all of the channels are acquired, the next control action is calculated 
and the inactive output buffer is loaded with the new values. More details on timing for 
real-time control implementations can be found in [7].
LabVIEW is a graphics-based programming language in which programs are written by 
“wiring” icons together. An example of LabVIEW code for reading data from the analog
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Figure 2.11: D ata  acquisition tim ing diagram.
input channels is shown in Figure 2.12. LabVIEW also provides the programmer with a 
number of widgets in which a graphical interface (or panel) can be developed for the user. 
One such panel is the Control Setup Panel, shown in Figure 2.13. Prom this panel the 
user can select data acquisition and control parameters for the etch. It allows the user to 
select the controller file, reference command file and sampling rate to be used for the etch. 
In addition, the user can select which sensor channels will be displayed to the screen and 
logged to disk for future analysis. The selected sensor channels are displayed on strip charts 
on the Monitor Panel (Figure 2.14) during the etch.
2 .2 .2  S ig n a l P re co n d itio n in g
In sampling an analog line, it is important to take precautions against a phenomenon 
known as aliasing [78]. If the signal being sampled contains frequency components that 
are higher than half the sampling frequency (/«) then these components may appear to be 
low frequency components. This can particularly be a problem if there are high frequency 
periodic signals [6]. To prevent aliasing, a low-pass filter known as an antialiasing filter is
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used to remove high-frequency components from the signals before sampling. Often either 
Butterworth [78] or Bessel [6] filters are used for this task.
Second-order Butterworth filters were chosen for our system. These were designed
around a single operational amplifier as shown in Figure 2.15 [55]. For a Butterworth
filter with corner frequency fc, the resistors and capacitors are chosen such that
^  2 n IlC
and
K  =  1.586. (2.22)
The LabVIEW data acquisition system was capable of collecting data  at 45 Hz. Therefore, 
the desired corner frequency was 22.5 Hz. In practice, the resistors and capacitors had to 
be chosen to correspond to standard values. The filter was implemented with
R  =  24.1 kfl, (2.23)
( K - 1 ) R  =  15.9 kfi, (2.24)
and
C  =  0.33 iiF. (2.25)
These values lead to
fc  =  19.4 Hz (2.26)
and
K  =  1.606. (2.27)
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Figure 2.15: Im plem entation o f a lowpass filter.
The analog input channels on the NB-MIO-16 board were configured with a range of 0 
to 10 Volts. If the filters are connected to the input channels at Vont, the analog channels 
will saturate at a filter input voltage of Vm — 6 V. A voltage divider was added to step the 
filter gain down to unity. However, because the operational amplifier was powered by ±15 
V, Vout still saturates at 14.3 V. This saturation occurs at Vin =  8.9 V, thus limiting the 
measurable voltage range to 0 — 8.9 V. In general, this was not a problem for us as most 
signals remained below 8 volts during normal operation of the system. The exception to 
this was the optical input signals where it was convenient to have the full 10 volts of range. 
Recently, the voltage was stepped down at the input stage using a  voltage divider and unity 
gain buffer, as shown in Figure 2.16. This allows the full 0 -  10 V range for the measured 
inputs. In addition, several of the signals, such as Vuas and power, had ranges between 
0 and -10 volts. Therefore, inverting amplifiers were used to bring these voltages into the 
range of the input channels. Finally, the inverting amplifiers drew enough current on the 
Vfcias channel to actually drop the voltage at the electrode, so a high impedance unity gain
47
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Vin
—sA/V^ —
(K -l)R
Vout
(K -l)R
Figure 2.16: Improved lowpass filter.
buffer was used to isolate the powered electrode from the filter.
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CHAPTER 3 
Dynamic Modeling of the Plasma Generation Process
In the traditional control of plasma etch tools very few process characteristics are reg­
ulated in real time. While the quality of the etch is determined by the etch characteristics 
presented in Section 1.1.2, real-time in situ  measurement of these characteristics is diffi­
cult (if not impossible). Therefore, these etch characteristics cannot be used to control 
the etching process; instead, process recipes are often specified only in terms of equipment 
setpoints. These setpoints affect the etch characteristics only indirectly through the plasma 
properties. In some sense, the process engineer is handicapped in that there is only access to 
equipment inputs, rather than plasma parameters. As the plasma characteristics strongly 
influence the etch properties, controlling the plasma generation process has the potential 
for improving the quality of the etch. This forms the basis for the control strategies pursued 
in this research.
3.1 Control-Oriented Decomposition and Control Strategy.
We begin by “conceptually” decomposing the etch into two separate, but interacting, 
processes; the plasma generation process (PGP) and the wafer etch process (WEP). This
49
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decomposition is shown graphically in Figure 3.1. These sequential processes separate the 
generation of the important chemical and physical species from the action of etching the 
surface of the wafer. The inputs to the PG P are the various equipment settings {e.g. 
throttle position, gas composition and flow rates, and applied power); the outputs are 
the key plasma parameters that are responsible for etching {e.g. Vnas, pressure, ion flux, 
and the concentration of neutral radicals and polymer precursors^). The WEP is driven by 
these plasma parameters and has as outputs the characteristics crucial to etch performance. 
This decomposition actually represents a  physical separation: the PGP represents the bulk 
plasma, the W EP represents the wafer surface phenomena, and the interface between them 
is the sheath. It is important to note that there does exist a certain amount of feedback 
coupling from the wafer surface to the plasma (see, for example, the loading efl^ect in Section 
4.2.1). The wafer itself is therefore a  disturbance to  the plasma generation process.
It is desirable to control the five plasma characteristics shown in Figure 3.1. While 
there are well established methods of measuring both Vbias and pressure, custom sensors 
are necessary for the measurement of the other characteristics. Unfortunately, of these 
characteristics, we are presently only able to estimate the concentration of the fluorine 
radicals. Separate research projects are underway to measure ion current (flux) through rf 
electrical measurements and polymer precursors using optical emission spectroscopy. For 
the rest of this dissertation, control of plasma parameters will be limited to Ybias^ pressure, 
and fluorine concentration ([F]).
The above decomposition of the RIE leads to our control structure. The key idea is 
to regulate the inputs to the WEP by precisely controlling the outputs of the PGP. This 
is accomplished by designing a real-time controller for the PGP as shown in Figure 3.2.
^It is actually the flux of these species to the wafer surface that affects the etching process. However, as 
was shown in Section 1.2.2, the flux of each species is closely related to its concentration in the bulk plasma.
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Figure 3.1: Conceptucil decom position o f th e R IE  process.
Future research is expected to include the development of a  controller around the W EP and 
a supervisory level controller. The W EP controller will translate desired etch characteristics 
into setpoints for the PGP control system. The supervisory controller will perform the high- 
level cell control functions that include on-line monitoring, diagnostics, and failure recovery 
as well as post-process analysis of the data for the purposes of sequential optimization, 
quality control, and so forth. At present, only the PGP controller has been implemented.
There are many merits to this approach:
•  W ith existing sensor technology, it is very difficult to measure the key wafer etch 
parameters (selectivity, anisotropy, etc.) in real time during the etch process. (Some 
of these can be measured in near-real-time.) Therefore, for real-time feedback control, 
an indirect strategy is necessary.
•  Modeling of the etch characteristics is the most difficult part of the problem. With 
this controller structure, the modeling task may become more tractable. The model 
for the PGP can be developed first, leading to the development of the real-time plasma 
controller. Then the modeling task for the WEP would involve relating the effects of 
the key plasma parameters on the etch performance, which is much more direct than 
trying to build a single model from the equipment inputs to the etch characteristics.
•  The switch from specifying the process recipes in terms of [throttle position, flow rates,
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power] to [Vbias, pressure, fluorine concentration] is a significant change of viewpoint. 
As was seen in Section 1.2.2, these new setpoints are, in many ways, more directly 
connected to the overall etch performance; tightly regulating them should eliminate 
much of the variance seen in plasma systems. Using plasma characteristics as setpoints 
may also facilitate the exchange of process recipes between different systems.
3.2 System Identification of the Plasma Generation Process
The PGP controller is based upon a dynamic model of the plasma generation process. 
While the PGP is highly nonlinear, a linear model was desired to allow the use of linear 
control design techniques. Thus, instead of modeling the process dynamics over a wide range 
of operating conditions, a model was developed that captured the process dynamics in a 
small region around a give operating point. Two major factors in choosing this operating 
point were that the etching was in an RIE regime (both chemical and physical) and that 
the actuators have good authority over the plasma properties. Roughly, the AME-8300 is 
in an RIE regime for pressures below 50 mTorr and power above 500 W.
The nonlinear nature of the throttle valve made it difficult to determine a priori its 
region of highest authority. In the next section, the procedure for determining the throttle 
settings at which the throttle valve has maximum authority as an actuator is described. This 
throttle position, along with the CF4 flow rate required to make pressure approximately 20 
mTorr and a power of 1000 W, defined the operating point used for the modeling of the 
plasma generation process.
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3 .2 .1  C o n d u c ta n c e  T h ro u g h  t h e  T h r o t t l e  V a lv e
The throttle valve is nonlinear in nature and has different levels of authority at various 
throttle positions and chamber pressures. Therefore, a set of experiments was devised to 
find an operating region where the valve was most effective in influencing the pressure.
First, the chamber was sealed from the pump stack by closing the turbo gate valve. The 
chamber was then filled with CF4 to approximately 85 mTorr, after which the CF4 flow was 
shut off. The throttle was then set to the desired position; experiments were run at throttle 
positions
e =  [2.5,5.0,7.5,... , 22.5,25.0] (% Open). (3.1)
Finally, the turbo gate valve was opened and the pressure was monitored as the chamber 
was pumped out. A plot of pressure vs. time for the throttle setting 9 — 12.5 %Open is 
shown in Figure 3.3.
Flow can be expressed in terms of a volume per unit time
dV _  d n RTsTP
dt dt PsTP ’  ^ ‘
where ^  is the change in moles of CF4 per unit time, R  is the universal gas constant, T s t p  
is standard temperature (298 ° K )  and P s t p  is standard pressure (760 Torr). The slope of 
the pressure curve from Figure 3.3 (shown in Figure 3.4 is related to ^  by
^cham /Q o\
dt ~  dt R T s t p '   ^  ^ ^
where Vcham is the volume of the chamber. Thus, the flow through the throttle valve can 
be found from
dV dP  Vcham
d t  d t  P s t p  
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All that remained was to find the volume of the chamber. This was found by isolating 
the chamber from the pumping stack and measuring the pressure rise at a fix flow rate. 
The throttle valve could not be used to isolate the chamber, because there is a  small (but 
significant for this experiment) amount of leakage when the valve is fully closed. However, 
on the AME-8300 there is a turbo gate valve directly above throttle valve; this valve is 
effective at shutting off flow out of the chamber and was thus used. The throttle valve and 
the turbo gate valve are very close together, thus using the gate valve does not significantly 
change the chamber volume. The response of the pressure during this experiment is shown 
in Figure 3.5.
Prom this data, the pressures Pi and Pg were recorded at times t \ and tg, respectively.
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From the flow rate ( f lw) ,  the standard volume^ of gas added (Vadded) was calculated,
^added ~  f lw  X  At, (3.5)
where At =  t2 — tj. One mole of gas at standard temperature and pressure occupies a 
volume of 22.4 x 10“  ^ [110]. Next, the number of moles added (An) was computed by
This allowed the volume of the chamber {Vcham) to be determined by
=  (3.7)
where A P  = P 2  — P\. From this experiment, the chamber volume was calculated to be
Vcham  -  0 .211. (3.8)
This value was verified by repeating the experiment with different flow rates and gases.
Finally, the flow through the throttle valve was calculated using Equation 3.2. Figure 
3.6 shows this flow vs. various throttle positions and pressures. From this figure it is seen 
that the throttle valve has the most authority at settings between 12.5 and 15.0 %Open. 
It was determined that for a throttle position of 12.5 %Open, a CF4 flow rate of 30 seem 
yielded a chamber pressure of 20 mTorr. This operating point was used to develop the 
model for the plasma generation process and is given again in Table 3.1.
3 .2 .2  D y n a m ic  M o d el
The feedback controller design was based on a dynamic model of the plasma generation 
process. There are several different models that can be used to represent these dynamics. 
First principle models, such as [64], have the potential of providing a detailed physical
^The volume of gas is measured at standard pressure (760 Torr) and temperature (298°AT).
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Figure 3.6: Flow  through th e  throttle valve vs. pressure and th rottle  position.
description of the system. Unfortunately, the modeling of plasma and surface reactions is 
very complex and these models are not well suited for use in real-time feedback control. 
Another approach is to empirically develop models with input-ontput data from the system. 
These models, while easy to develop, only apply to the reactor from which the data was 
collected. In addition, these models provide little insight into the underlying mechanisms 
of the process [12]. Many empirical models of plasma etching processes (see, for example, 
[2,3,57]) only give a static relationship between equipment inputs and etch characteristics. 
Those used for real-time feedback control need to be dynamic in nature. Between these two 
extremes are phenomenological models [15]. Phenomenological models attem pt to capture 
only the dominant physical mechanisms and are often empirically tuned to a specific reactor 
or process.
In this research, 1 have primarily used empirical models of the plasma generation process. 
The fluorine concentration estimate was based on the physics presented in Section 2.1.3.
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Throttle Position 12.5 %Open
CF4 Flow Rate 30 seem
Applied Power 1000 W
Table 3.1: O perating point for th e  plasm a generation process m odel.
However, the estimate itself was empirically related to the inputs of the plasma generation 
process. The PG P model was based on input-output data collected by separately applying 
steps to the inputs of our reactor. In the rest of this chapter, 1 present the procedure 
through which this model was developed.
The initial goal of the control strategy was to use throttle position, CF4 flow rate, 
and power to control the three plasma parameters as shown in Figure 3.2. In order to 
independently set the steady-state values for all of these properties, the dc gain matrix 
between the equipment inputs and plasma characteristics must be invertible. This dc gain 
matrix was found by separately changing each actuator settings allowing the system to 
settle, and taking the ratio of the change in each plasma property to the change in the 
input. For the plasma generation process the dc gain matrix had the following form^
^  bias
Pressure -
[F]
(3.9)
0.330 -0.254 0.740 
-1.000 1.460 0.000
0.246 0.205 1.760
The invertibility of this matrix is measured by its condition number k . The condition 
number is the ratio of the largest to smallest singular value of the matrix^. The singular
Throttle Position 
CF4 Flow Rate 
Power.
^The original dc gain matrix upon which conclusions were drawn was not available at the time of writing 
of this dissertation. Therefore, presented here is a similar dc gain matrix that was recently collected by 
Oliver Patterson.
‘‘For a complete description of singular values and matrix condition numbers see [54].
59
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
values for the dc gain matrix were
(3.10)1.966 1.785 0.004626
and the condition number was
K =  425. (3.11)
This imphed that the dc gain matrix was almost singular (noninvertible) and that all three 
outputs could not be independently controlled. The throttle position and flow inputs are 
almost redundant; they both primarily affect the plasma through pressure. Of the three 
outputs, Vbias and fluorine concentration most directly affect the etch characteristics; there­
fore it was decided to regulate these two plasma properties with the feedback controller. 
The throttle valve was chosen over the flow controller as a manipulated input to the plasma 
generation process, because the throttle had a quicker time response and slightly higher 
command authority. For the remainder of this work, flow rate was held fixed at 30 seem.
In collecting the data for the step experiments, it was noted that the fluorine concentra­
tion measurement was very noisy. One possible method to remove some of this noise is to 
lower the corner frequency of the lock-in filter; however this could potentially filter out some 
of the dynamics of the fluorine response. An alternative was to repeat the step experiment 
several times and average the responses together, thus improving the signal-to-noise ratio 
while preserving the time response of the signals. The Vbias and fluorine concentration 
responses to the steps in power are shown in Figures 3.7 and 3.8. As can be seen in Fig­
ure 3.9, this averaging technique greatly improves the signal-to-noise ratio of the fluorine 
concentration estimate.
The step response data was then used to determine a model for the plasma generation 
process. This was done by separately identifying a transfer function for each of the input-
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Figure 3.9: N oise reduction due to  averaging o f [F] signal.
output pairs. There are several different linear model structures that can be used to capture 
the dynamics of a system. A complete description of the various model structures can be 
found in [69,98]. Each of these model structures is characterized by a number of parameters 
which are empirically determined through a least squares optimization; this process is known 
as system identification. Initially, several different model structures were compared; the 
Auto-Regressive Moving Average with eXogenous input (ARMAX) model provided the 
best fit to the experimental data and was used to model the plasma generation process. In 
practice, it is often useful to overparameterize the model [69]; this may lead to better fits 
with the experimental data. The extraneous parameters can later be removed. The system 
identification algorithms used in this dissertation generate discrete-time models which were 
then converted to continuous time for controller design.
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Order Transfer Function DC Gain Mean Square Error
First order 0.3726s+1.195 0.3118 0.772
Second order 0.6593(s+7.543)(s-|-1.085)(s-t-14.639) 0.3131 0.739
Third order 0.4679(s-(-0.467)(s+1.9828)(s+0.362)(s+1.923)(s+1.9832) 0.3136 0.593
Table 3.2: Transfer functions from power to  Y u a s -  
Pow er to  V b i a s  R esponse
The goal was to identify transfer functions that capture local process dynamics around 
the operating point given in Table 3.1. The input-output data was taken to be with respect 
to the corresponding operating conditions by subtracting off the mean of the signal measured 
before the step in the actuator. The first step in the identification of each transfer function 
was to visually inspect the input-output data to determine any pure time delays that existed 
in the response. As can be seen in Figure 3.10, the response of V^qs to a step in power 
had a delay of only one sample. The actually delay may have been less than one sample, 
but because the data collection was synchronized to the input step the minimum measured 
delay was one sample. Next, the a rm a x  command from the Matlab System Identification 
Toolbox [68] was used to identify first, second, and third order models based on the empirical 
data. The simulated response of each model to a step in power was compared to the actual 
system response. The identified transfer functions, as well as the corresponding dc gains 
and mean square errors between the actual and simulated responses, are given in Table 3.2.
As can be seen from this Table and the simulated step responses in Figure 3.11, the 
third order model had the best fit to the experimental data. The differences in the models 
can be seen from the Bode plots in Figure 3.12. Note that the third order model has an 
almost pole-zero cancelation; removing the pole-zero pair yields a second order model that
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Figure 3.10: D elay in response o f V b i a s  to  a step  in power.
fits the experimental data better than the second order model obtained directly from the 
identification. In principle, the second order model obtained directly should be optimal; 
however, the parameters of this model are obtained by the gradient search technique and 
thus may have converged only to a local minimum. Therefore, by removing the pole-zero 
pair for the third order model, the following second order transfer function for the response 
from power to Vbtas was found to be
0.468(s -f 0.467)
Gvp{s)
(s +  0.362)(s-t-1.923)' (3.12)
Power to  Fluorine C oncentration Response
Next, the transfer function for the response from power to estimated fluorine concentra­
tion was identified. As with the response of Ybias to this input, the fluorine concentration 
also responds with a delay of only one sample. This can be seen in Figure 3.13. The armcix
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Figure 3.13: D elay in response o f fluorine concentration to  a  step  in power.
Order Transfer Function DC Gain Mean Square Error
First order 0.43146-1-27.61 0.0245 0.248
Second order 0.4598(64-6.275) (64-2.662) (64-44.07) 0.0246 0.230
Third order 0.5630(64-5.54)(64-34.47)(6-t-2.48)(64-36.29)(64-48.63) 0.0246 0.230
Table 3.3: Transfer functions from power to  fluorine concentration.
command was again used to identify first, second, and third order models; these are given 
in Table 3.3. A comparison of the step responses of each of these models, seen in Figure 
3.14, shows that both the second and third order transfer functions do an adequate job of 
fitting the measured response. Indeed, as shown in Figure 3.15, the Bode plots of these 
models are very similar. This is a result of a near pole-zero cancelation in the third order 
model. It v/as concluded that that
^  , 0.460(s 4 - 6.28)
(a +  2.66)(s +  44.07)' (3.13)
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was an adequate representation of the response fluorine concentration to a step in power. 
Though the pole at -44.07 has no significant effect on the response, it is retained to keep 
the transfer function strictly proper. This simplifies the controller design by providing a 
model with no direct feedthrough term.
T hrottle Position  to Y b i a s  R esponse
The response of the system to a  step change in throttle position was identified next. 
Determining the pure time delay for this response was more difficult than in the previous 
cases. There was a gradual initiation in the response and this coupled with noise made it 
difficult determine the time delay. Therefore to assist in calculating this delay, a line was 
drawn tangent to the rising slope of the response and extended back through the x-axis, as 
shown in Figure 3.16. From a close-up view of the region where this line intercepts the axis
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Figure 3.15: B ode plot: Power to  fluorine concentration.
Order Transfer Function DC Gain Mean Square Error
First order 2.80 16.08 0.6143+0.174
Second order 2.98(3+3.48)(3+0.173)(3+3.72) 16.08 0.618
Third order -0 .7 6 8 (s+2.35)(3-68.46)(3+.175)(3+2.58)(s+16.30) 16.10 0.611
Table 3.4: Transfer functions from th rottle  position  to  Y ^ a s -
(Figure 3.17), the delay was determined to be approximately 28 samples or 0.622 seconds.
The various order identified models are shown in Table 3.4. The dominant pole in each 
of these models was around s — —0.174. Indeed both the step responses (Figure 3.18 and 
Bode plots 3.19 show similar responses for all of these models. Thus, for this input-output 
pair the transfer function model was found to be
^  , 2.80e- G22T
a-H 0 .1 7 4 ' (3.14)
where e represents the time delay of | |  seconds.
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70
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
2.5
1.5
0.5
-0.5
-2
-2.5
640 660 680 700 760 780720 740 800
Samples (1/45 seconds)
Figure 3.20: D elay in response o f fluorine concentration to  a step  in throttle  
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T hrottle Position  to  Fluorine Concentration Response
The final transfer function to be identified was for the response of fiuorine concentration 
to a step in throttle position. The time delay was determined in the same manner as 
the one for the Vbias response. As is shown in Figures 3.20 and 3.21, the delay is again 
approximately 28 samples. The identified transfer functions are shown in Table 3.5. In this
Order Transfer Function DC Gain Mean Square Error
First order -3 .93s+2.03 -1.93 0.728
Second order 4.03(s-3.56). (s+0.204)(s+33.38) -2.10 0.300
Third order 3.91(s+2.42)(5-3.61)(s+0.204)(s+2.39)(5+33.33) -2.10 0.300
Table 3.5: Transfer functions from throttle position to  fluorine concentration.
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Figure 3.21: D etailed  view  delay in response o f fluorine concentration to  a  
step  in throttle position.
case, the second and third order models accurately simulate the fluorine response. This is 
shown in Figure 3.23. Likewise, both of these models have similar Bode plots (Figure 3.22). 
In each model, the pole at s =  —0.204 dominates the other poles and zeros. Therefore, 
including the time delay, the model was reduced to
-0.428e--622r
G ptis) - s +  0.204 (3.15)
Full M odel
The full system was modeled by combining the four individual transfer function (Equa­
tions 3.12, 3.13, 3.14, and 3.15) into a 2 x 2 transfer function matrix.
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^  bias
.  M  _
2.80e-®22’- 0.468(s+0.467)
s+0.174 (s+0.362)(s+1.923)
- 0.428e-® 22r  0.460(s+6.28)
s+0.204 (s+2.66)(s+44.07)
Throttle Position 
Power
(3.16)
3.3 Model Validation
In order to determine if the 2 x 2  transfer function model was a good approximation 
of the physical system, an experimental test was performed. The model was identified by 
exciting the system with only one actuator at a time; in the real system, it is of course 
possible to vary both the throttle position and power simultaneously. In principle, our 
linear model should predict the response to small simultaneous variations in the actuators 
with the same fidelity as it predicts the response to individual variations. In practice, 
however, the model may fail to accurately describe the system response due to neglected 
nonlinearities. To test the fidelity of our model’s ability to describe simultaneous actuator 
variations, two simultaneous pseudo random binary signals (PRBS) [98] were applied to the 
actuators; these are shown in Figure 3.24. The PRBS applied to the throttle position was 
given a slower switching rate because the dynamics associated with the throttle were slower 
than those associated with the power input. The response of the model and the actual 
system, as well as the error between them, is plotted in Figure 3.25 for the Vuas signal. As 
can be seen from this plot, except for a small bias in the response, the model accurately 
represents the dynamics of the system; a tentative explanation for this bias is that it is due 
to nonlinearity. A similar comparison for fluorine concentration is shown in Figure 3.26. In 
this case the resulting error shows very little bias, though the signal-to-noise ratio is very 
poor.
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CHAPTER 4 
Etch Rate Control and Disturbance Rejection
The principle aim of this research was to show how modern real-time control techniques 
can be used to improve the quality of the reactive ion etching process. It was based on the 
hypothesis that regulating plasma properties, instead of simply setting equipment inputs, 
provides tighter control of important etch characteristics. In this chapter, the abihty of this 
control strategy to  attenuate the effect of exogenous perturbations on etch rate was explored. 
First, a controller for the plasma generation process was designed based upon the dynamic 
model developed in Section 3.2. This controller allowed the operator to specify process 
condition in terms of plasma properties (Vbias and fluorine concentration), as opposed to 
the standard industrial practice of only using feedback control to regulate pressure (in this 
case, gas flow rates and applied power are set to constant values). The PG P controller is 
then compared to standard practice in its ability to reject disturbances to etch rate.
4.1 Plasma Generation Process Controller
The plasma generation process controller was designed to regulate the plasma properties 
by manipulating the inputs to the AME-8300. It was desired that the plasma setpoints be
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held at constant values during the etch; therefore, the controller was designed to have zero 
steady-state error in tracking constant reference signals. At the process conditions used for 
this research, the duration of a typical etch was at least 900 seconds. It was decided that a 
settling time of approximately 25 seconds was sufficient for an etch of this length.
In meeting these performance objectives, there were a  number of constraints that hmited 
the bandwidth of the controller. These included the time delay in the response of the system 
to changes in the throttle position, the noise on the fluorine concentration estimate, and 
the throttle nonlinearity. Of these, the throttle nonlinearity was dominant and thus the 
overshoot in the throttle valve response was hmited to 20%.
4 .1 .1  C on tro ller  D esign
The design of the plasma generation process controller was done using a state space 
representation^ of the transfer function matrix from Equation 3.16. The pure time delay in 
the system’s response to changes in throttle position was represented by a Fade approxima­
tion. Both first and second order approximations were compared. The controller bandwidth 
was expected to be below 1 radian/second. Since, as shown in Figure 4.1, the phase lag of 
both approximations was similar out to the expected controller bandwidth, it was decided 
that the first order approximation was sufficient. Therefore, the delay was represented as
(4.1)
Using this approximation, a Simulink^ model of the dynamics from throttle position and 
power to Vbias and [F] was developed. This is shown in Figure 4.2. In order to equate
changes in the inputs and outputs, each was scaled by its nominal value. For convenience,
’in  the state space representation, the system is modeled by a first order matrix differential equation. 
Complete details of the state space representation can be found in [17].
’’Simulink is a block-diagram-based simulation package that is part of Matlab.
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Figure 4.2: Sim ulink block diagram: plasm a generation process m odel.
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the Simulink command lin m o d  [73] was used to create the state space representation
x{t) = Apx{t) +  Bpu{t)
y{t) = Cpx(t) +  Dpu{t), (4.2)
where u{t) are the process inputs, y{t) are the process outputs, x{t) are the states of the 
model, and
An —
Bn =
Cp  —
-8.436 -1.304 0 0 0 0 0
1.304 0 0 0 0 0 0
0 0 - 0.2221 0 0 0 6.429
0 0 0 -145.4 -5.239 0 0
0 0 0 5.239 0 0 0
0 0 0 0 0 -0.167 6.429
0 0 0 0 0 0 -3.214
0 1000
0 0
-12.5 0
0 1000
0 0
-12.5 0
12.5 0
0 0 0 0.0983 0.0043 0.0055 0
0.0019 0.0005 -0.0044 0 0 0 0
(4.3)
(4.4)
(4.5)
(4.6)
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Dp —
0 0 
0 0
(4.7)
This model of the system dynamics is known as the p la n t For the rest of this dissertation, 
the time dependence will be dropped from this notation and it should be understood that 
the inputs u, states x , and outputs y  are all functions of time. Also, since Dp — 0, it does 
not enter into the calculations presented below.
The most important performance objective was to have zero steady-state error in track­
ing plasma setpoints. This was accomplished by using integral control [25]. The first step 
in the design was to augment the system with integrators. A set of states q, equal to the 
integral of the error between the plant output and the desired output r, was defined by
q = y - r .
Augmenting the system in Equation 4.2 with these states, the new plant became
(4.8)
- ’
X Ap 0 X Bp 0
= + u +
Q Cp 0 g 0 - I
Bn, ~ g Z ~
Cp 0 (4.9)
To simplify notation, we define the augmented state vector Xm 
tion 4.9 as
Xjji - AjjiXfn A ByflU -b GffiV
and rewrite Equa-
y  — GmXm- (4.10)
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Figure 4.3: State feedback diagram.
In selecting the feedback gains, it was first assumed that the states Xm were measurable 
and that the controlled inputs had the form
(4.11)
where
K  = K i K2 (4.12)
was the state feedback gain as shown in Figure 4.3. This state feedback gain was found 
by solving the linear quadratic regulator (LQR) problem. Briefly, in the LQR problem the 
controller gain K  is found by minimizing the cost function
rcx)
J  =  I {x'Q x  +  u 'R u] dt, 
Jo
(4.13)
subject to the system in Equation 4.10 and the control input from Equation 4.11. In this 
equation, Q is a  matrix of weights for the states and R  is a matrix of weights for the inputs. 
Complete details of the LQR problem can be found in [4]. In this research, the weight
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m atrix for the states had the form
Q  =
a C ’pCp 0
(4.14)
0 Qq
where a  was a scalar and Qq was a  diagonal matrix of the weights for each integrator state. 
The input weight m atrix R  was a diagonal matrix of weights for each individual input.
Applying the control inputs from Equation 4.11 to the system in Equation 4.10 yields 
the following closed loop system
Xm ~  (.^m BfjiK) Xpi +  GmX
(4.15)
Parameters for the weight matrices were chosen and the closed loop system simulated to 
determine if the performance objectives and design constraints were satisfied. After several 
iterations, the following parameters were settled upon
a  =  1,
Qq —
0.6 0.0 
0.0 0.5
(4.16)
(4.17)
and
R  = (4.18)
4.0 0.0 
0.0 3.0
The Iq r command from the Matlab Control Systems Toolbox [40] was used to calculate the 
state feedback gains
K \ =
0.000 0.000 0.006 0.000 0.001 0.004 0.019
0.000 0.000 -0.002 0.011 0.001 0.005 0.004
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Figure 4.4: Sim ulated response o f closed loop system  to  a step  in Vfcja
and
0.162 -0.321 
0.406 0.171
(4.20)
Figure 4.4 shows the simulated response of the plasma to a step change in the Vbias com­
mand. The corresponding responses of the actuators are shown in Figure 4.5. Likewise, the 
plasma and actuator responses for a step change in the fluorine concentration setpoint are 
shown in Figures 4.6 and 4.7.
Observer D esign
In practice, the states of the system are not available for feedback, therefore they must 
be estimated. Actually, only the states of the plant x  needed to be estimated, as the 
integrated error states q are calculated in the controller. The true system has disturbances
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to the process and noise in the measurements. This was represented by
x{t) =  ApX +  BpU 4- V
y[t) = CpX +  w. (4.21)
where v  and w  were assumed to be white noise. The states of this system were then 
estimated using an observer of the form [17]
X =  ApX + BpU + L ' ( y - y ) , (4.22)
where L ' is the observer gain and y  = CpX. The LQG/LTR technique [26] was used to find 
the observer gain by minimizing the the covariance between the actual and estimated values 
for the states. The Iqr command was used again to find this gain. However, this time the 
LQR problem was solved for (Ap,Cp) where the weightings were the covariance matrices V  
and W , for the process and measurement noise, respectively. These matrices were assumed 
to have the following form
V  = B'pBp (4.23)
and
W  = p i, (4.24)
where I  is the identity matrix and p is a scalar. For the PGP controller p =  1 was used. 
Combining the observer with the state feedback gain leads to a controller of the form
X
Q
■^ p ~  B pK i — L'Cp —BpK2 
0 0
+
L ' 0 
I  - I
Be
u  = —K  
Cc
(4.25)
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Figure 4.8: L Q G /L T R  closed loop system .
Defining the controller states as Xc = yields the closed loop system
Ac B cQ'^p
BpCc Ap
X c 0
+ r
X - I
y-
X c
X
(4.26)
The closed loop system is shown graphically in Figure 4.8. Simulations showed that this 
controller had virtually identical performance to the state feedback design.
M odel R eduction
In order to reduce the computational complexity of the controller, states that weakly 
affect the input-output properties were eliminated. This is known as model order reduction 
and was done using a technique called balanced truncation. The states of the controller
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Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
were transformed from physically meaningful variables to a balanced realization. In this 
realization the relative effect of each state on the input-output dynamics of the controller 
can be examined. Details of this method of model reduction can be found in [60].
In order to transform the controller into a balanced realization, the integrator states 
must first be removed. The controller was therefore decomposed into two parts
0 
%
—Fl2 
0
Ci
+ I  - I
Bi
+
0  0 
/  0
Di
y
(4.27)
and
X = Ap  —  B p K i  —  L 'C p X 4-
yL J
u = -K i x  + I  0
D ,
Bp L '
(4.28)
where the system [A i,B i^C i,D i\ was the integral portion and the system [.4 ,^ Q ,  D^] 
was the state feedback portion. The state feedback portion was then balanced using the 
b a lre a l command from the Matlab Control System Toolbox. From this command, the 
relative effect of each state on the input-output dynamics was found to be
0.2119 0.0610 0.0313 0.0045 0.0036 0.0006 0.0001
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The order of the controller was then reduced by ehminating those states corresponding to 
elements of g more than an order of magnitude smaller than the largest element. This was 
done using the m o d re d  command and yielded a reduced state feedback portion with three 
states. Incorporating the integral states back into the controller yielded
-0.3297 0.0269 -0.4947 -0.0545 0.1201
-0.1154 -2.1648 14.9135 0.1731 0.0997
0.7559 14.7504 -114.6750 -0.9359 -0.5572 (430)
0 0 0 0 0
0 0 0 0 0
A ct —
B qt —
Ccr =
0.0465 -0.0494 0 0
-0.2259 -0.0478 0 0
0.9371 0.0661 0 0 (4.31)
1.0000 0 - 1.0000 0
0 1.0000 0 - 1.0000
-0.3637 -0.1224 0.4062 -0.1612 0.3234
(4.32)
-0.0865 0.4990 -2.6466 -0.4024 -0.1707
Dc (4.33)
-0.0000345 0.0003689 0 0 
-0.0005203 0.0003663 0 0 
The Bode plots of the gains of the full and reduced order controllers from Vuas and fluorine 
concentration are shown in Figures 4.9 and 4.10, respectively. As can be clearly seen, the 
reduced order controller has very similar input-output properties to the full order controller.
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4 .1 .2  Im p lem e n ta tio n
The controller design was based on a model of the PG P with normalized inputs and 
outputs. Before the controller could be implemented, these scalings need to be incorporated. 
This was done in the Simulink block diagram shown in Figure 4.11. Also, the controller 
needed to be discretized for implementation on a digital computer (using the Lab VIEW 
system described in Section 2.2). This was accomplished using the c2d command from the 
Matlab Control Systems Toolbox and yielded a controller of the structure
x{k  +  1) =  Acx{k) +  Be
u{k  +  1) =  Ccx{k) +  Dc
y{k)
r{k)
y{k)
r{k)
(4.34)
4.2 Disturbance Rejection Experiments
A number of experiments were designed to examine the ability of the plasma generation 
process controller to attenuate process disturbances. The controller was compared to the 
standard practice in.its ability to reject disturbances to etch rate. Etches were performed 
on unmasked wafers with material layers polysilicon/SiOg/Si substrate. Etch rate data was 
collected in real time using the reflectometry system described in Section 2.1.4. This data 
was processed after the experiments, as described in Section 2.1.4, and was not available to 
be used for etch rate control.
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Figure 4.11: Sim ulink block diagram: controller structure.
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4 .2 .1  D e sc r ip tio n  o f  E x p e r im en ts
All of the experiments have a common disturbance due to the lack of a load lock on our 
AME-8300. W ithout a load lock, the chamber must be opened to the ambient atmosphere 
when a  wafer is loaded before each etch. As a result, water vapor adsorbs onto the inner 
walls of the reactor; the thickness of this film seems to vary with the degree of polymer 
buildup on the reactor’s inner surfaces and the ambient conditions in the cleanroom. The 
desorption of this moisture into the chamber acts as a “wall disturbance” to the etch process 
and is present in all of our experiments. As our reactor has a large surface area, this is a 
very large disturbance. While in a production environment etchers are usually load locked, 
the condition of the chamber walls varies as the reactor seasons. We shall use the wall 
disturbance as a test to demonstrate the power of feedback control.
The experiments that were run are now described:
1. Baseline, Standard Practice Etch: This etch was run with the pressure, CF4 fiow rate, 
and applied power set to their nominal values, i.e., 20 mTorr, 30 seem, and 1000 W, 
respectively. In this experiment, pressure was regulated by a PID loop internal to the 
throttle valve controller, and V(,jas and [F] were not regulated.
2. Baseline, Closed-Loop Etch: In this case, the plasma generation process controller 
was used to demonstrate the efficacy of feedback control in reducing the effect of the 
wall disturbance upon etch rate. The setpoints for Wbias and [F] were chosen to be 
342 V and 47.1 (arbitrary units), respectively.
3. Loading E ffect Experiment: The amount of exposed surface area to be etched will 
often vary from batch to batch or during a single run as material is removed; see 
Figure 4.12. As the amount of exposed material on the wafer increases, so does the
94
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single run
F ig u re  4.12: Loading effect.
rate of consumption of the etchant. This may result in a decrease in the etch rate, 
and is often referred to as the “loading effect” [109]. To assess the effect of a loading 
disturbance upon etch rate, etches were run with two wafers in the chamber, instead 
of just one, therefore doubling the area of exposed silicon.
4. Oxygen Leak Experiment: The addition of small amounts of oxygen has been found 
empirically to cause a significant increase in the etch rate of polysilicon. It is believed 
that this is caused by reactions between CF%, z — (1 -  3), and oxygen atoms. These 
reactions liberate more fluorine atoms and prevent recombination, thus resulting in 
an increased fluorine concentration [85]. The effect of an O2 disturbance on etch rate 
was explored by introducing 1 seem of O2 in increments of \  seem of O2 applied at 
600 and 1200 seconds into the etch.
5. Power Mismatch Experiment: As mentioned previously, an rf matching network was 
used for impedance matching between the power source and the reactor load. The 
impact of variations in the matching network or other variations in the power supply 
was examined by having the power generation unit respond with 2% more power
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Figure 4.13: W all disturbance experim ent.
than was commanded. In the open-loop case, this resulted in shifting the power from 
lOOOW to 1020W.
In all of the experiments the wall disturbance was present. Therefore, the first two experi­
ments serve as a baseline to which the others were compared.
4 .2 .2  E x p er im en ta l R e su lts
In Figure 4.13, the dash-dot curve is the etch rate under a standard practice open-loop 
etch. Notice that the etch rate decreased slowly over the length of the experiment. As 
can be seen in Figure 4.14, the fluorine concentration follows a similar trajectory during the 
etch. A possible explanation for this is that, during the initial phase of the etch, a significant 
amount of moisture is desorbed from the walls into the chamber. This moisture leads to 
an increased fluorine concentration and hence increased etch rate[84]. This hypothesis is 
supported by experiments that showed that optical emission from the 451.1 nm line of CO
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followed a trajectory similar to that of fluorine concentration. As the experiment progresses, 
the desorption of moisture decreases, as does the etch rate. The etch rate under the closed- 
loop conditions is shown by the dotted hue. The corresponse trajectories for the plasma 
characteristics and actuator commands are shown in Figure 4.15 and 4.16, respectively. 
As one can see, the etch rate was much more constant under closed-loop conditions. The 
etch rates settled to different values because the setpoints under closed-loop control were 
different from the steady-state values of the plasma conditions in the open-loop experiment^. 
In Figure 4.17 it is shown that, if the plasma setpoints are chosen to be the steady-state 
open-loop conditions, then the etch rates do indeed settle to the same rate. In this 
closed-loop experiment, as well as the others, the etch rate started off below the steady- 
state value. However, the values of Vbias and [F] remain constant throughout the etch. 
One potential explanation is th a t the fluorine estimate, [F] — ^ F ,  overestimated the 
fluorine concentration resulting from the Og disturbance [47]. The controller responded by 
reducing the actual fluorine concentration below the desired value and thus decreased the 
etch rate. As the disturbance decayed during the run, the estimate was more accurate and 
the etch rate approached its steady-state value. Another possible reason for the reduced 
etch rate during the flrst portion of the etch is that factors other than Vbias and [F] affect 
the etch rate. In other words, while regulating Vbias and [F] does reduce the impact of the 
disturbance substantially, it does not eliminate its effect.
Figure 4.18 shows the etch rates during the loading effect experiment. Here, the dashed 
curve represents the open-loop etch rate while the solid curve represents the closed-loop etch 
rate. The dash-dot and dotted lines from the wall disturbance experiments are included on
this and the other plots to make comparisons easier. As expected, increased loading led to
*The reason that the plasma setpoints did not match the open-loop steady-state values was due to 
operator error.
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Figure 4.18: Loading experim ent.
a  decrease in etch rate under open-loop conditions. However, comparison of the closed-loop 
data  (the solid and dotted lines) showed that the impact of the loading on etch rate was 
greatly attenuated.
Etch rate data for the oxygen leak experiment is shown in Figure 4.19. Notice that upon 
injection of oxygen, the etch rate increased during the standard practice etch, as expected. 
Under closed-loop conditions, the addition of oxygen appeared to make virtually no differ­
ence to the etch rate. However, recall from Section 2.1.4 that the etch rate measurement was 
actually the average rate between a peak and valley in the reflected interference pattern. 
During the disturbance experiments, etch rate measurements were available approximately 
every 90 seconds. Therefore, it is likely that the etch rate did change at each step in Og 
flow, but the effect was attenuated before the next etch rate measurement was available. 
Notice that, despite very similar operating conditions, there was a difference in the open- 
loop experiment between the dashed curve and the dash-dot curve even before the injection
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Figure 4.19: O xygen disturbance experim ent.
of oxygen. An explanation for this phenomenon is that the amount of moisture absorbed 
on the walls varies from etch to etch depending upon the duration of the exposure to the 
atmosphere while loading the wafer and the condition of the chamber.
Finally, the power disturbance results are shown in Figure 4.20. As expected, an increase 
in applied power increased the etch rate under open-loop conditions. However, under closed- 
loop control, there was a much smaller change in etch rate.
These results demonstrate that closed-loop control of the key plasma parameters, such 
as Vbias and [F], can result in a significant reduction in the efiects of common disturbances 
as compared to the standard practice open-loop etches. This was certainly quite true for 
the loading effects, oxygen disturbance, and the power disturbance. This can be seen 
very clearly in Figure 4.21, where results from the various disturbances using each control 
strategy are presented again. Even for the wall disturbance, we have achieved a significant 
reduction in the impact of the disturbance, but there is room for improvement.
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Figure 4.20: Power disturbance experim ent.
4.3 Comparison of Vbias/[F] vs. Vbias/Pressure Control
It is becoming common in industrial applications to use feedback control to regulate 
both pressure and V^as- The oxygen disturbance experiment was repeated to compare the 
effect of controlling only pressure, V^as and pressure, and Vnas and fluorine concentration. 
In this experiment, 1 seem of O2 was introduced into the feed gas at 600 seconds into the 
etch. As can be seen in Figure 4.22, that while /pressure control slightly attenuates the 
effect of the wall disturbance during the flrst portion of the etch, this strategy is ineffective 
against the oxygen disturbance. This result is not surprising as the oxygen disturbance 
primarily effects etch chemistry and hence fluorine concentration.
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CHAPTER 5 
Sidewall Profile Control Strategy
In the previous chapter, it was shown that real-time multivariable feedback control can 
be used to stabilize etch rate during reactive ion etching. While the stabilization of etch rate 
shows the utihty of real-time feedback control, there are other important etch characteristics 
that also need to be controlled. As was described in Section 1.1.2, these include sidewall 
profile, selectivity, uniformity, and smface damage. In particular, control of sidewall profile 
has been an active area of research [1,61,66,93]. I have developed a strategy for sidewall 
profile control based on applying real-time feedback to the plasma generation process. In 
this chapter, a study of the feasibility of this strategy is presented.
5.1 Sidewaii Control Strategy
Sidewall profiles are difficult to characterize due to the small size (<  1 fim ) of most 
features in integrated circuit devices. These profiles are often measured using scanning 
electron microscopy (SEM). Unfortunately, SEM is inherently destructive (the wafer must 
be cleaved through the structure of interest) and can therefore only be used on selective 
samples. Recently, a non-destructive optical technique know as scatterometry has been
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Figure 5.1: Sidewall control strategy.
explored to characterize reactive ion etch profiles [45,80,81]. In scatterometry, laser light 
is scattered off a periodic structure on the wafer surface. The sidewall profile can then 
be estimated from the intensity of the scattered light at various diffraction angles. Scat­
terometry requires the measurement of diffracted light intensity over the entire 180 degrees 
above the wafer. Therefore, as there are a limited number of viewports on most chambers, 
scatterometry is not suited for in situ measurements during the etch process. In addition, 
the analysis can be problematic when a mask layer is present over the profile. Therefore, 
scatterometry is not suited for real-time profile measurement during reactive ion etching, 
and an indirect strategy must be used to control sidewall profile.
The strategy for sidewall profile control that has been developed is based on a decom­
position similar to that used in Section 3.1. This strategy can be broken down into two 
parts: 1) determining the plasma characteristics necessary to achieve a desired sidewall 
profile and 2) using a feedback controller to set these characteristics during an etch. The 
mapping of sidewall profile to plasma properties is, in turn, divided into two parts. First,
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the etch rate components associated with the sidewall profile ctre found using a string model 
simulation. Next, the plasma characteristics necessary to generate these etch rate compo­
nents are determined using a response surface. Once the necessary plasma properties are 
found, the etch can be performed using a feedback controller to regulate the plasma to these 
conditions. In order to implement this strategy, a hnear model of the plasma generation 
process must first be developed. Prom this model, a real-time feedback controller can be 
designed to hold plasma characteristics at desired values despite disturbances. Next, for 
each of a  variety of plasma conditions the resulting sidewall profile must be mapped into 
etch rate components. Results from different operating points can then be used to construct 
a response surface relating plasma characteristics to etch rate components. In the rest of 
this chapter, the feasibility of this strategy is shown by relating the etch rate components 
to a sidewall profile etched using real-time feedback control.
5.2 Process Chemistry
In using plasma characteristics to control sidewall profile, it is likely that all three 
properties (Vi,ias, pressure, and fluorine concentration) play an important role. As was 
seen in Section 3.2.2, in a pure CF4 chemistry only two of these characteristics could be 
independently controlled. In order to achieve control over a third characteristic, O2 was
added to the feed gas. Oxygen causes the following reactions to occur in the plasma [85,
90,91]
CF3 0  —> COF2 4- F, (5.1)
C? 2  4- O COP 4- F, (5.2)
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COF +  O CO2 +  F, (5.3)
and
CF2 +  0  ^  CO +  F. (5.4)
These reactions lead to a higher fluorine concentration by hberating more fluorine radicals 
and by blocking the recombination reaction
CFi -f- F —>• CFi+i, (5.5)
where x  =  {0 ,...3 } . Oxygen has a small effect on total dissociation and the electrical 
properties of the discharge; thus its addition does not greatly effect ~Vbias and pressure. The 
use of %0 2 , in addition to throttle position and applied power, should allow independent 
control of all three plasma characteristics. This was verified by using the dc gain matrix for 
the plasma generation process
0.3713 0.0088 0.8232
-1.2194 0.0168 0.0084
-0.6279 0.5932 1.0835
The singular values for this matrix were
^  bias
Pressure -
Fluorine
Throttle
% 02
Power
(5.6)
1.6016 1.2560 0.2835 (5.7)
yielding condition number of
K =  5.7. (5.8)
Thus, the dc gain matrix was invertible and independent control of the three plasma char­
acteristics was possible.
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In general, sidewall passivation is often used to control etch profiles. As was discussed 
in Section 1.2.3, in a CF4 chemistry the passivation occurs when polymers form on the 
poly silicon in areas where ion bombardment is not present. While the addition of hydrogen 
into the plasma chemistry potentially allows for the control of polymerization, there is a 
significant amount of preliminary research that needs to be performed before this procedure 
may be used in a real-time control strategy. This is beyond the scope of this dissertation. To 
focus our research, we decided to simplify the plasma/surface interactions by not exploiting 
sidewall passivation. The addition of oxygen to the plasma chemistry not only provides an 
extra degree of plasma control, but also reduces polymerization from the plasma [23].
In order to show that a  variety of sidewall profiles could be achieved using the CF4 /O 2 
chemistry, a number of etches were performed using the standard industrial practice of 
setting pressure, fiow rates, and applied power. Figure 5.2 shows an isotropic sidewall 
profile resulting from an etch performed at 20 mTorr, %5 O2, 30 seem total fiow, and 
1000 W applied power. Likewise, Figure 5.3 shows a near vertical profile resulting from an 
etch performed at 10 mTorr, %1 O2 , 30 seem total flow, and 1200 W applied power. These 
etches show that the CF4 /O 2 chemistry is capable of etching a wide variety of sidewall 
profiles.
5.3 Plasma Generation Process Model
As in the previous chapter, the process of designing a controller begins by developing a 
model of the plasma generation process for the CF4 /O 2 chemistry. As before, the first step 
in developing this model was the selection of an operating point around which the model 
would be identified. The operating conditions for throttle position and applied power were 
chosen to be the same as in the pure CF4 case. It has been shown that while fluorine
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Figure 5.2: Sidewall profile resulting from an etch w ith  settings o f 20 mTorr, 
5 %0 2 , 30 seem  to ta l flow, and 1000 W  power.
Figure 5.3: Sidewall profile resulting from an etch w ith  settings o f 10 mTorr, 
1 %0 2 , 30 seem  tota l flow, and 1200 W  power.
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Throttle Position 12.5 %Open
% 0g 5 %
Applied Power 1000 w
Total Flow Rate 30 seem
Table 5.1; O perating point for C F4/O 2 plasma.
concentration continues to increase up to the addition of ~  25% O2, the etch rate decreases 
after the addition of ~  12% O2 [79]. Hence, the operating point was selected at 5% O2 with 
a  total gas flow (flow of CF4 +  Ar +  O2) of 30 seem. The operating point is given in Table 
5.1.
Using the same techniques outlined in Section 3.2.2 the following model was identified 
for the CF4/O 2 plasma generation process
V bias 1 .6 5 e - '’2» 0.25e— 12.23(6+0.27) Throttles+0.16 s4"0.41 (s+0.19)(s+62.42)
Pressure - 0 .9 7 e - ‘*2» 0.024e“ '^ *^ -0 .011(6-0 .006) % 02(s+0.18)(s+3.00) s+0.40 (6+0.19)(6+2.33)
Fluorine 4 .85 (s-0 .7 3 )e --‘'2” 0 .33e-•’’’■» 0.49(5+0.067) Power (5.9)L (s+0.11)(s+39.76) s+0.17 (6+0.095)(8+19.69) J
As shown in Figure 5.4, in this case the time delay from the throttle valve was found to be 
0.42 seconds, as opposed to the 0.62 seconds in Chapter 3. It is unlikely that the addition 
of O2 to the plasma chemistry would have such an effect on the delay in response to throttle 
changes. Instead, this difference might be accounted for by the fact that the models were 
developed over a year and a half apart.
5.4 Plasma Controller
A plasma generation process controller for the CF4 /O 2  chemistry was designed to meet 
the same performance objective and design constraints outlined in Section 4.1. The state
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feedback and observer gains were found using the same design methodology with weights
a  =  3,
Q q —
R  =
1.3 0 0
0 0.3 0
0 0 0.5
1.5 0 0
0 1.5 0
0 0 0.5
(5.10)
(5.11)
(5.12)
and
p  — 1 . (5.13)
As can be seen in Figures 5.5 through 5.10 the controller achieves its performance objectives. 
The controller had 19 states, but was reduced to 8 states using the model reduction method
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outlined in Section 4.1.1. Inspection of the Bode plots for the full and reduced order 
controllers (shown in Figures 5.11 through 5.13), shows that the controllers have similar 
responses in their crossover regions.
5 .4 .1  A n ti-W in d u p  D esig n
As was mentioned in Section 4.2.1, a large disturbance due to outgassing from the
chamber walls was present during every etch performed on our AME-8300. This disturbance
primarily effects the fluorine concentration. As can be seen from the dc gain matrix in 
Equation 5.6, the controller will respond to this disturbance by reducing the %Û2 in the 
feed gas. Because the gain from this actuator to fluorine concentration was not very large, 
there was the potential that %Û2 would saturate during the initial portion of an etch.
Therefore, anti-windup logic was added to the controller to minimize the effect of this
saturation.
The controller designed above had the form
X = AcX + BcV + GcT, (5.14)
u — CcX +  DcV- (5.15)
Rather than let the actuators saturate, each input was software limited
'Slower if U '^loweri
U if U[{yujcr ^  U <C UjippeTj (5.16)
^upper if U ^  '^uppcri
as shown in Figure 5.14. These limits are shown in Table 5.2. The compensator was then 
modified by multiplying Equation 5.15 by the anti-windup gain K u  and subtracting it from 
Equation 5.14 [6]. This yields
X — {Ac — K yC (^x  -i- {Be — K uD c)y + K uû  +  GqT (5.17)
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“ O
Figure 5.14: Controller w ith  anti-windup logic.
When the actuators are not saturated (û =  u), Equation 5.17 reduces to Equation 5.14 and 
the anti-windup logic has no affect on the performance of the controller. When the actuators 
saturate, the anti-windup logic helps to keep the states of the controller from continuing to 
grow. The gain Ku  was found by solving the linear quadratic regulator problem for {A'^, C ')
using weighting matrices
Q u  — 2 X /g (5.18)
and
K u =
Ru =  h  (5.19)
where is the identity matrix of dimension n. This yielded an input feedback gain of 
0.107 0.049 0.161 -0.094 -0.128 -0.457 1.262 0.445
0.031 -0.016 0.082 -0.072 0.048 0.918 0.638 -0.867
-0.181 0.011 0.267 0.145 0.051 -0.974 0.009 -1.025 (5 20)
The ability of the controller, with and without anti-windup logic, to reject an exponentially 
decaying disturbance to fluorine concentration was simulated. As can be seen from Fig-
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Actuator Lower Limit Upper Limit
Throttle Position 1 %Open 50 %Open
%0 z 1% 12.5%
Applied Power 300 1500 W
Table 5.2: Software saturation lim its.
ure 5.15, the controller with anti-windup logic conies off saturation more quickly than the 
one without the added logic.
5 .4 .2  Im p lem en ta tio n
This controller was implemented using the Lab VIEW data acquisition and control sys­
tem. The actuator commands from the controller were software limited by the Lab VIEW 
code and fed back to the controller as shown in Figure 5.16.
The V0 O 2  command from the controller must be converted to CF4 /A r and O2 commands 
for the mass flow controllers. The total flow was held constant at 30 seem and the percentage 
of oxygen was taken with respect only to the CF4 flow. Lab VIEW calculated the two flow 
commands as
Total Flow
^ ^ 4/A r  ^ (1 _  a) (5.21)
and
O2 — Total Flow — CF4/Ar, 
where a  is the percentage of argon in the premixed CF4 /A r bottle.
(5.22)
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Figure 5.15: Sim ulated response o f %Oz to  fluorine disturbance for con­
troller w ith  and w ithout anti-w indup logic.
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Figure 5.16: Controller structure w ith  anti-windup.
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5.5 Etch Study
In the overall control strategy, a response surface will be used to  map plasma charac­
teristics to etch rate components. An etch study will be performed to obtain the sidewall 
profiles resulting from etches at a variety of plasma conditions. These profiles will then be 
analyzed to yield the associated etch rate components; thus allowing the construction of a 
model relating plasma properties to isotropic and anisotropic etch rates. In this section, the 
feasibility of this method is shown by performing these steps for a single set of operating 
conditions.
5 .5 .1  W afer P rep a ra tio n
In this etch study, the real-time feedback controller was used to  control the etcher at 
constant plasma characteristics during the etching of a masked polysilicon/SiOg/Si wafer. 
The selectivity of polysilicon to photoresist in a CF4/O 2 plasma is very poor. Therefore, 
the features in a photoresist mask would change significantly during the etch. To focus 
this research, a metal mask, which will not etch in a CF4 chemistry, was used. This mask 
allowed us to concentrate on modeling the effect that plasma properties have on etch rate 
components without having to account for the efiects of mask erosion. A lift-off process
[102] (shown in Figure 5.17) was used to define the metal mask, which contains 1 /zm, 2 
(xm, and 5 pm  linewidths with various spacings.
Nickel masks were initially used during this research. However, nickel masks have been 
shown to enhance etch rate, and thus affect sidewall profile, in a CF4 /O 2 chemistry [31]. It 
is suspected that this is due to nickel acting as a catalyst for the dissociation of CF%. As an 
alternative, etches were performed using aluminum and chromium for the mask layer, since 
these two metals have less of a catalytic effect. With both of these etches, a large amount
128
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Figure 5.17: The lift-off process.
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Figure 5.18: Polym er form ation under a  chrom ium  mask.
of polymer was observed under the masks (see Figure 5.18). This amount of polymerization 
is not typical for a CF4/O 2 plasma and the exact cause has not been determined. To limit, 
the scope of this feasibility study, attem pts were made to minimize polymer deposition, so 
we continued to use nickel masks.
The first step in the lift-off process is to make a photoresist mask layer with the inverse 
of the desired pattern. This was done using a Karl-Suss MA-6  contact aligner with an 
exposure wavelength of 350 nm. Initially, a  clear field mask with the inverse pattern and 
Shipley Microposit S1822 photoresist were used. This led to the following problem. In order 
to define the smaller linewidths it was required that the aligner be in the hard-contact mode; 
however, in this mode, the wafers would adhere to the clear field mask after exposure. It is 
thought that some of the photoresist was vaporized during exposure and that after cooling 
it “glued” the wafer to the mask.
A dark field mask and Hoechst AZ 5214 image reversing photoresist [99] was used to
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overcome the adhesion problem. Before patterning, the wafers were put through a dehydra­
tion bake at 110 °C to remove any moisture from their surfaces. Then the 5214 photoresist 
was spin-coated onto the surface at 4000 rpm for 30 seconds. After a soft bake for 30 min­
utes at 90 °C, this resulted in a 1.4 /zm thick resist layer. The wafers were then exposed 
for 10.4 seconds with a light intensity of 5 mA. A 30 minute bake at 100 °C  was used to 
cross link polymers in the exposed portion of the photoresist. Next, the wafers were flood 
exposed, with no mask, for 30 seconds. Finally, the wafers were developed for 1.0 minute 
with MF 312 developer.
The metal mask was defined by evaporating nickel onto the wafer surface. Prior to 
evaporation, the wafers were plasma ashed (at 80 W and 250 mTorr) to remove any pho­
toresist residue. Next, 1000Â of nickel was deposited onto the wafer using a Denton SJ-20 
e-beam evaporator. An SEM image of the wafer after nickel deposition is shown in Fig­
ure 5.19. Finally, the photoresist, and the nickel above it, was removed using heated XX 
1112A developer and ultrasonic agitation.
5 .5 .2  C o n tro lled  E tch
As an initial starting point for the etch study, the plasma conditions associated with 
the nominal operating point for the system identification were used. These turned out to 
be a bias voltage of 361 V, a chamber pressure of 18.25 mTorr, and a fluorine concentration 
of 9.59 (arbitrary units). As can be seen in Figure 5.20, the controller compensates for the 
wall disturbance and drives all three plasma characteristics to their desired setpoints. The 
corresponding actuator commands are shown in Figure 5.21. After the etch, the wafer was 
cleaved and imaged using a Joel MSJ-6 scanning electron microscope.
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Figure 5.19: Wafer after nickel deposition.
5 .5 .3  S tr in g  M o d e l S im u la tio n
The final step is to extract the isotropic and anisotropic etch rate components from the 
SEM image. This is done by using a string model [59] to obtain a simulated sidewall profile 
from specified etch rate components. In the string model, the exposed polysilicon surface 
is represented by a series of nodes connected by straight line segments. The progression 
of each node is determined by its local etch rate. This etch rate is the vector sum of an 
isotropic component along the angle bisector of the two adjacent segments and an anisotropic 
component in regions not masked by the nickel (see Figure 5.23). As the separation between 
points changes during the etch simulation, nodes are added and subtracted from the string 
to maintain suflBcient resolution and relieve computational load. This model has been 
implemented in C and uses etch rate components and etch time to produce a profile. The 
source code is list in Appendix B.
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Figure 5.22: SEM  im age o f resulting sidewall profile.
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Figure 5.23: Isotropic and anisotropic etch  rate com ponents.
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5 .5 .4  D e term in in g  E tch  R a te  from  th e  S E M  Im age
The SEM image was captured on Polaroid 553 film and then scanned into a digital 
format. Edges were extracted from this image using the Matlab Image Processing Toolbox
[103] to identify the regions of greatest intensity gradient. Then, using the m-files presented 
in Appendix A.2, the sidewall profile is extracted.
The string simulation is iterated to produce a good fit with the sidewall profile extracted 
from the SEM image. As can be seen in Figure 5.24, the simulation does an excellent job 
of capturing slope and shape of the sidewall profile. There is some mismatch between the 
two in the corners, hkely due to the simulation not accounting for local diffusion effects of 
the reactive species. For this operating point, the etch rate components were found to be 
6.0  Â /s isotropic and 6.5 A /s anisotropic.
5.6 Implementation of the Sidewall Profile Control Strategy
This feasibility study has extended the RIE control work presented in Chapter 4 in 
two directions. First, it has been shown that, by using % 0 2  as an actuator, it is possible 
to have independent control over the three plasma characteristics: Ybias, pressure, and 
fluorine concentration. Second, it has been shown that the sidewall profile resulting from a 
fixed set of plasma characteristics may be modeled by decomposing etch rate into isotropic 
and anisotropic components. The final portion of modeling that remains to be done is 
to relate the sidewall profile to etch rate components at a number of plasma operating 
conditions. This data can then be used to construct a response surface [10,53] relating etch 
rate components to plasma characteristics.
Completion of the response surface model will allow the implementation of the sidewall
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control strategy presented in Section 5.1. First, the string model will be used to determine 
the etch rate trajectories that must be followed to achieve a desired sidewall profile. The 
response surface can then be used to translate these etch rate trajectories into the cor­
responding trajectories th a t must be followed by the plasma characteristics. Finally, the 
real-time controller can be used to force the plasma characteristics to follow these trajecto­
ries.
The implementation of this control strategy will provide a mechanism for translating 
desired sidewall profiles into specific etch recipes. Once it is shown that this is possible, the 
work can be extended to more complicated etch situations. This may include using a more 
industrially relevant masking layer, such as photoresist, and working with an etch process 
which takes advantage of sidewall passivation.
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CHAPTER 6 
Conclusion
Prom this dissertation, we have concluded tha t real-time feedback control does provide 
the potential ability to achieve tighter control over microelectronic fabrication processes. 
This has been shown by applying feedback control to the reactive ion etching process, an 
im portant fabrication step. Because in  situ  sensors were unavailable for measuring etch 
characteristics, we approached the control problem by regulating the plasma environment 
in which the etch is performed. The control strategy was based on the hypothesis that, 
by better regulating characteristics of the plasma, tighter control over the etch is obtained. 
The first phase of our work validated this approach. Feedback control was used to regulated 
the plasma properties, which in turn allowed us to reject the effects of disturbances upon 
the wafer etch process. This ability was demonstrated consistently over a period of several 
months. In the second phase of the work, this same strategy was applied to controlling side­
wall profile. It was shown that sidewall profiles can be represented as etch rate components, 
which themselves can be related to plasma characteristics.
It was also concluded that the ability to obtain the benefits of feedback control depends 
strongly upon the control infrastructure: sensors, actuators, control-oriented models, and 
data  acquisition/control software and hardware. The ability to achieve tighter process
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control is dependent on the quality of this infrastructure. Only those disturbances which 
can be sensed or modeled and effected by the actuators can be attenuated by feedback 
control.
A detailed summary of the specific accomplishments of this dissertation is presented in 
the following section.
6.1 Summary of Work
The Applied Materials Precision Etch 8300 used in this research had to  be modified 
for implementation of real-time feedback control. A number of actuators were upgraded to 
provide more control authority and better repeatability. In addition, two custom sensors 
were added to the system to allow the estimation of fluorine concentration and the measure­
ment of in situ  etch rate. The fluorine concentration estimate was based on optical emission 
spectroscopy using a technique known as actinometry. The etch rate was measured using 
laser interferometry; though this measurement was not available for feedback control, the 
data was post-processed to determine etch rate after the etch was completed.
Dynamic models of the plasma generation process were empirically determined. Step 
changes in the settings of each input were individually made and the effect on the plasma 
properties recorded. Transfer functions were then identified for each input-output pair. The 
fidelity of this model was investigated by simultaneously applying PRBS to both inputs. The 
identified model accurately predicted the response of the system to the PRBS inputs. These 
models were then used to design real-time feedback controller for the plasma generation 
process. This controller was used to regulate Vbias and fluorine concentration during etches.
The main goal of this dissertation was to show that real-time feedback control improved 
the quality of the reactive ion etching process. The plasma generation process controller was
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compared to standard industrial practice (controlling only pressure) in its ability to reject 
disturbances to etch rate. Four types of disturbances were used for this comparison; 1) a  wall 
disturbance, 2) the loading effect, 3) an oxygen disturbance, and 4) a power disturbance. In 
each of the cases, the plasma generation process controller was more effective in attenuating 
the affect of these disturbances on etch rate.
A strategy for sidewall profile control was then developed based on the etch decompo­
sition. In this strategy, a string model simulation is used to determine the isotropic and 
anisotropic etch rate components that will produce a desired sidewall profile. The plasma 
characteristics necessary to generate these etch rate components are then determined using 
a response surface. Finally, the real-time feedback controller is used to regulate the plasma 
to these condition during an etch. In this dissertation, an etch study is performed to show 
the feasibility of this strategy. First, oxygen was added to the CF4 chemistry to allow in­
dependent control of three plasma properties (Vbias^ pressure, and ffuorine concentration). 
Next, a real-time controller was designed based on an empirical model of the CF4/O 2 plasma 
generation process. This controller was used to regulate the plasma properties to constant 
values during the etching of a polysilicon layer masked with nickel. Finally, it was shown 
how a string model simulation could be used to extract the isotropic and anisotropic etch 
rate components from the resulting sidewall profile.
6.2 Future Directions
This research has shown that the use of real-time feedback control has the potential for 
improving the quality of a reactive ion etching process. There are a number of directions 
io which this work can be extended. A few of these are suggested in the following sections.
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6 .2 .1  L ong T erm  E tch  S tu d y
Throughout this research, etch experiments were always performed in sets that spanned 
only a  few days. This was because the ratio between the gains of each channel of the optical 
emission spectroscopy system varied with time; therefore making it difficult to  compare 
fluorine concentration estimates taken even just weeks apart. Work is in progress towards 
developing a technique to calibrate the gain of the actinometry system and thus allow 
comparison of fluorine concentration measurements over time. This calibration procedure 
should allow a long term  etch study to compare the variance of etches performed using 
our real-time control strategy to those performed using only pressure control. In addition, 
the open loop process has changed since our original work in ways th a t do not show up in 
our models or sensor measurements. This fact has caused the performance of the feedback 
controller to deteriorate. Work is currently in process to understand possible sources of this 
process change. This work, along with the optical calibration procedure, should allow an 
evaluation of the ability of real-time feedback control to decrease long term process variance.
6 .2 .2  Im p lem e n ta tio n  o f  S id ew a ll P ro file  C o n tro l S tra teg y
There is still a  significant amount of work that needs to be done towards implementing 
the sidewall profile control strategy presented in Chapter 5. The next step in the devel­
opment of this strategy is to repeat the etch experiments at a range of different plasma 
conditions. The string model can then be used to determine the etch rate components 
corresponding to these conditions. From this data, a response surface can be developed to 
relate plasma characteristics to isotropic and anisotropic etch rate components. It remains 
to be seen how the string model simulation and response surface might be used to translated 
a desired sidewall profile into a set of plasma properties.
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Once this strategy has been shown to work using a nickel masking layer, it will be 
important to extend it to a more industrially relevant mask, such as photoresist. In using 
photoresist, it will be important to understand polymerization mechanisms from the plasma, 
as photoresist erosion will be a  source of carbon near the wafer surface. In addition, the 
string model simulation will need to be modified to account for mask erosion. This can be 
done by treating the photoresist as a separate string and simulating its evolution during 
the etch.
6 .2 .3  A d d it io n a l P la sm a  Sensors
In Chapter 5, it was shown that a third plasma parameter could be independently 
controlled by adding oxygen to the gas chemistry. At this time, no attem pts have been 
made to control, or even measure, the other two characteristics: ion flux and polymer 
precursor concentration. As was pointed out in Section 1.2.2, the ion enhanced etch rate is 
proportional to ion flux. An Advanced Energy RFZ 60 Plasma Impedance Probe will soon 
be installed on our AME-8300. It is possible that this probe will provide an estimate of 
ion flux. In addition to ion flux, polymer deposition has a strong influence on the net etch 
rate and is important in determining sidewall profile. It has been found that the polymer 
deposition rate can be related to optical emission from CF2 [78]. It may be possible to 
develop an in situ  sensor for polymerization based on the concentration of precursors such 
as CF2 . Real-time measurement of both of these plasma characteristics will greatly improve 
our understanding of the etching process and possibly our ability to control it.
143
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
6 .2 .4  O th er  E tch  C h em istr ie s
This research has been performed using a CF4 plasma chemistry. Though this chemistry 
has been the most throughly explored in the literature, there are other etch chemistries 
that might be better suited for real-time control. While F atoms readily etch Si at room 
temperature. Cl atoms are less reactive and Br atoms will not spontaneously etch silicon 
at all [21]. For chlorine and bromine chemistries ion bombardment has a stronger influence 
on the resulting etch characteristics than it does in fluorine etching. It might be possible 
to saturate the plasma with bromine radicals and control the etch exclusively through the 
ions. If the ion flux and energy can be electrically measured, this may simplify our control 
task by allowing us to avoid the uncertainty in the optical measurements, a t the expense of 
uncertainty in the electrical measurements.
6 .2 .5  H ig h  D e n s ity  P la sm a  S ources
In capacitively coupled plasmas, such as those used for reactive ion etching, the ion flux 
and energy can not be independently controlled [67]. Therefore, variations in both ion flux 
and energy may limit our ability to control the etching process. This may be overcome 
by using a  high density plasma source, such as an ECR or an inductively coupled source. 
These sources use microwave or inductively coupled rf power to generate the radicals and 
ions in the bulk plasma, and a capacitively coupled rf source to control ion energy. T his 
allows independent control of both ion flux and energy. However, the use of a high density 
plasma may complicate the wafer etch process. For example, while in low density plasmas 
ions do not significantly participate in chemical reactions on the surface, this is not the case 
for high density plasmas. In these plasmas the etch yield can be as low as 0.2 Si atoms/ion. 
This corresponds to a fluorine requirement of less than 1 F atom /ion [20], which can be
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satisfied by the ions. Therefore, chemical reactions involving the ions become important. 
In addition, the estimate of reactive species by actinometry is complicated by the dilution 
of argon being dependent of plasma conditions [58].
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APPENDIX A 
M-files Used in This Research
A .l M-files for System Identification and Control Design
The empirical model building and controller design were done using Matlab. During this 
research, three M atlab m-files were used to automate the system identification and control 
design procedures. These m-file were
id_arm ax .m  - Identifies various order ARMAX model based on input-output data.
c trld sg n .m  - Designs controllers based upon the LQG/LTR technique and performs model 
reduction.
c tr ls a t .m  - Adds anti-windup logic to a controller designed with c trld sg n .
A .1.1 id_arm ax.m
fu n c t io n  [ t h , s im o u t]= id _ arm a x (z , d t , o r d e r , d e la y , f i le n a m e ,p l o t s , p a u se s ) ;  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
7.
7, D e s c r ip t io n :  id_arm ax ta k e s  in p u t-o u tp u t  d a ta  and i d e n t i f i e s  v a r io u s  
7. o rd e r  armax m odels and w r i te s  th e  r e s u l t s  t o  f i le n a m e .d ia ry
7.
7. P aram ete r L i s t  :
7.
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In p u ts ;  z  th e  in p u t /o u tp u t  d a ta  t o  be u sed  f o r  i d e n t i f i c a t i o n
in  th e  form : z  = [o u tp u t ,  in p u t]  
d t  th e  sam pling  p e r io d  f o r  th e  d a ta
o rd e r  v e c to r  c o n ta in in g  th e  o rd e r  m odels t o  be i d e n t i f i e d  
d e la y  p u re  tim e  d e la y , i n  sam p les , p r e s e n t  i n  d a ta  
file n a m e  f i l e  name f o r  d ia r y  and p l o t s  (id_arm ax w i l l  
a u to m a tic a l ly  add e x te n s io n  
p l o t s  0 -  don’t  save  p l o t s  t o  f i l e s
1 -  save p l o t s  t o  f i l e s
p au ses  0 -  no pause  i n  program
1 -  pause  a f t e r  each  p lo t
O u tp u ts : t h  th - fo rm a t model f o r  l a s t  i d e n t i f i e d  o rd e r
sim pout m a tr ix  c o n ta in in g  s im u la te d  o u tp u t f o r  each  o rd e r
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
7.
7. s e t  d e f a u l t  argum ents 
7.
i f  n a rg in  < 7 , p au ses  = 0; end;
i f  n a rg in  < 6 , p lo t s  = 0 ; end;
i f  n a rg in  < 5, fileneune = ’ ju n k ’ ; end;
i f  n a rg in  < 4,  d e la y  = 1; end;
7.
% P lo t  M easured Response
7.
y = z ( : ,1 ) ;
[x s ,y s ]  = s i z e ( z ) ;
t  = d t * [ 0 : x s - l ] ’ ;
p l o t ( t , z ( : , 1 ) ) ,g r id ;
t i t l e ( [ ’M easured Response o f System ’] )
x l a b e K ’Time ( s e c o n d s ) ’ )
y l a b e l ( ’O u tp u t’ )
i f  p l o t s  == 1,
p l o t f i l e  = [ f i le n a m e ,’ . a c t u a l . p s ’] ;  
d ia r y  on
d i s p ( [ ’P r in t i n g  P lo t  o f M easured Response in  f i l e  ’ , p l o t f i l e ] ) 
d ia r y  o f f
e v a l ( [ ’p r i n t  ’ , p l o t f i l e ] ) ; 
end % End I f  -  P r in t  P lo t
i f  p a u se s  == 1, d i s p ( ’H it Any Key to  C o n tin u e ’ ) , p a u s e , end 
7.
7. S t a r t  I d e n t i f i c a t i o n
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•/.
f o r  j  = 1 :m a x (s iz e (o rd e r ) ) ,  % Loop th ro u g h  f o r  each  e lem ent i n  o rd e r  
i  = o r d e r ( j ) ;
t h  = a rm a x (z ,[ i  i  i  d e la y ] ,5 0 , - 1 , - 1 , - l , d t ) ;
e v a l ( [ ’d ia ry  ’ , f i le n a m e ,’ .d i a r y ’] ) ;
d i s p ( [ ’T h e ta  -  Armax Model -  O rder ’ , i n t 2 s t r ( i ) ] )
d i s p ( [ ’----------------------------------------------------- ’] )
d i s p ( [ ’ ’] )  
p r e s e n t ( th )  
d ia ry  o f f
% E v a lu a te  System
n a  = [1 : i ]  ; 
nb = [ i+ 1 : 2* i] ; 
a  = [1 t h ( 3 ,n a ) ] ;  
b = [ th ( 3 ,n b ) ] ;
[b c ,f c ]  = c o n t i n ( t h , l , l ) ;
d ia ry  on 
d i s p ( ’ ’ )
d i s p ( ’D is c re te  G (z )’) 
d i s p ( ’N um erator’ ) 
d is p (b )
d i s p ( ’D enom inator’ ) 
d is p (a )  
d i s p ( ’Z e ro s ’ ) 
d is p ( r o o ts ( b ) )  
d i s p ( ’P o le s ’ ) 
d i s p ( r o o t s ( a ) )  
d i s p ( ’ ')
d i s p ( ’C ontinuous G (s ) ’ ) 
d i s p ( ’N um erator’ ) 
d isp (b c )
d i s p ( ’D enom inator’ ) 
d i s p ( f c )
d i s p ( ’DC g a in ’ )
d is p (p o ly v a l(b e ,0 ) /p o ly v a l ( f c ,0 ) )
d i s p ( ’Z e ro s ’ )
d is p ( r o o ts ( b c ) )
d i s p ( ’P o le s ’ )
d i s p ( r o o t s ( f c ) )
d i s p ( [ ’d e la y  = ’ i n t 2 s t r ( d e l a y ) ] ) 
d i s p ( ’ ’ ) 
d i s p ( ’ ’ )
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diary off
[m a g ( : , i )  p h a s e ( : , i ) ]  = b o d e ( b c ,f c , lo g s p a c e ( - 3 ,3 ,2 0 0 ) ) ;  
l o s s ( j )  = t h ( l , l ) :
•/.
% S im u la te  System  w ith  I d e n t i f i e d  T heta  
%
[ysim] = id s i m ( z ( : , 2 ) , t h ) ; 
p l o t ( t , y s i m , t , z ( : , 1 ) , 'y  
g r id ;
t i t l e ( [ ’M easured and S im u la ted  Response o f O rder ’ , i n t 2 s t r ( i ) , . . .
’ ARMAX M odel’] )  
x l a b e K ’Time (s e c o n d s ) ’ ) 
y l a b e l ( ’S im u la ted  O u tp u t’ )
le g e n d ( ’S im u la ted  R esponse’ , ’A c tu a l R esponse’ ) 
s im o u t( ; , j )  = ysim ;
i f  p l o t s  == 1, 
p l o t f i l e  = [ f i le n a m e ,’ .s im ’ , i n t 2 s t r ( i ) , ’ . p s ’] ; 
d ia r y  on
d i s p ( [ ’P r in t in g  S im u la ted  Response o f O rder ’ , i n t 2 s t r ( i ) , . . .
’ i n  f i l e  ’ , p l o t f i l e ] ) 
d ia r y  o f f
e v a l ( [ ’p r i n t  ’ , p l o t f i l e ] ) ;  
end % End I f  -  P r in t  P lo t
i f  p au ses  == 1, d i s p ( ’H it Any Key to  C o n tin u e ’ ) , p a u s e , end
%
% F in d  R e s id u a ls  
%
t i t l  = [ ’C o r re la t io n  o f  R e s id u a ls  f o r  O rder ’ , i n t 2 s t r ( i ) , ’ ARMAX M odel’] ;  
[ e , r ]  = r e s i d 2 ( z , t h , t i t l ) ;
i f  p l o t s  == 1, 
p l o t f i l e  = [ f i le n a m e ,’ . r e s i d ’ , i n t 2 s t r ( i ) , ’ . p s ’] ; 
d ia r y  on
d i s p ( [ ’P r in t in g  r e s i d  f o r  O rder ’ , i n t 2 s t r ( i ) , ’ in  f i l e  ’ , p l o t f i l e ] ) 
d i s p ( ’ ’ ) 
d ia r y  o f f
e v a l ( [ ’p r i n t  ’ , p l o t f i l e ] ) ;  
end 7, End I f  -  P r in t  P lo ts  
end % End For Loop
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i f  p a u se s  == 1 , d i s p ( 'H i t  Any Key to  C o n tin u e ’ ) .p a u s e ,  end 
%
7, bode 
7.
s u b p lo t ( [2 1 1 ])
lo g lo g ( lo g s p a c e ( - 3 ,3 ,2 0 0 ) ,mag)
t i t l e ( [ ’Bode p l o t s  o f o rd e rs  [ ’ i n t 2 s t r ( o r d e r )  ’] ’] )  
y l a b e l ( ’mag’ ) ,  x l a b e l ( ’r a d / s e c ’ ) ,  g r id  
s u b p lo t ( [2 1 2 ])
se m ilo g x ( lo g sp a c e ( - 3 ,3 ,2 0 0 ) .p h ase ) 
y l a b e l ( ’p h a s e ’ ) , x l a b e l ( ’r a d / s e c ’ ) , g r id
i f  p l o t s  == 1 ,
p l o t f i l e  = [ f i l e n a m e ,’ .b o d e .p s ’] ; 
d ia r y  on
d i s p ( [ ’P r in t i n g  bode f o r  O rders [ ’ , i n t 2 s t r ( o r d e r ) , . . .
’ ] i n  f i l e  ’ , p l o t f i l e ] )
d i s p ( ’ ’ ) 
d ia r y  o f f
e v a l ( [ ’p r i n t  ’ , p l o t f i l e ] ) ; 
end 7. End I f  -  P r i n t  P lo ts
7.
% Log Loss F u n c tio n s  
7.
fo rm at s h o r t  e 
d ia r y  on
d i s p ( [ ’ O rder Loss F u n c tio n ’] )
d i s p ( [ o r d e r ’ . l o s s ’] ) ;  
d ia r y  o f f  
fo rm at s h o r t
end;
A .1.2  c tr ld sg n .m
f u n c t io n  [A cr,B c r,C c r,D cr]  = c t r I d s g n (Ap,Bp, Cp, Dp, a lp h a , Qq, R r , rho )
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%
7. D e s c r ip t io n :  LQG/LTR c o n t r o l l e r  d e s ig n  w ith  model r e d u c t io n
7.
% P aram e te r L i s t ;
7.
% In p u ts  : [Ap,Bp,Cp,Dp] -  s t a t e  space  r e p r e s e n ta t io n  o f th e  p la n t
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LQB D esign
S ta te  W eights Q = [alpha*C p’ * C p ,z e ro s (n s ,n o ) ; z e ro s ( n o ,n s ) ,Q q ] ; 
In p u t W eights R = Ru;
LQG/LTR D esign
W = Bp*Bp’ 
V = rh o * I
O u tp u ts : [A cr,B c r,C c r,D cr] -  s t a t e  space  r e p r e s e n ta t io n  o f th e  red u ced
o rd e r  c o n t r o l l e r
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
w = lo g s p a c e ( - 2 ,2 ) ;  
tim e  = [0 :1 /2 0 :4 0 ] ;
7.
7. D eterm ine s iz e  o f p la n t  
7.
[ n s ,n i ]  = s iz e (B p ) ;  
[n o ,n s]  = s iz e ( C p ) ;
%
7
Augment th e  p la n t  w ith  i n t e g r a to r s
\d o t{ x }  = Ap X + Bp u  
\d o t{ q }  = y -  r  
y = Cp X
Am = [Ap, z e r o s ( n s ,n o ) ; Cp, z e ro s (n o ,n o ) ] ;
Bm = [Bp; z e r o s ( n o ,n i ) ] ;
Cm = [Cp, z e r o s ( n o ,n o ) ] ;
Dm = z e r o s ( n o ,n i ) ;
%
% LQR D esign  
7.
q = [a lpha*C p '*C p, z e r o s ( n s ,n o ) ; z e r o s ( n o ,n s ) , Q q]; 
R = Rr;
[K,S] = lqr(A m ,Bm ,Q ,R);
7.
7. A n a ly s is  o f LQR D esign 
7.
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7. Loop G ain o f S ta te  Feedback D esign 
7.
f o r  i  = l : n i ,
s t r  = [ ’Loop G ain: In p u t ’ ,n u m 2 s t r ( i ) ] ;
[mag.pb] = m bode(A m ,B m ,-K ,D m ,i,i,w ,str); 
d i s p ( ’H it Any Key To C o n tin u e ’ ) ;  
pause ; 
end
7.
% S tep  Response o f  C losed  Loop System
7.
Asf = [Am-Bm*K] ;
Bsf = [ z e r o s ( n s ,n i ) ; - e y e ( n i ) ] ;
Csf = Cm;
Dsf = Dm;
f o r  i = l : n i ,
y = s te p (A s f ,B s f , C s f , D s f , i , t i m e ) ;
t i t l  = [ ’Response o f  o u tp u ts  t o  a  s te p  in  r e f e r e n c e  ’ ,n u m 2 s t r ( i ) ] ; 
f o r  j  = l ; n o ,
s u b p l o t ( n o , l , j ) , p l o t ( t i m e , y ( : , j ) ) ,g r id  
i f  j  == 1 , t i t l e ( t i t l ) ,  end 
x la b e K ’Time (s e c o n d s ) ’ ) ;  
y l a b e l ( [ ’O utput ’ , n u m 2 str( j ) ] ) ;  
end
keyboard
u  = s te p ( A s f , B s f , - K ,D s f , i , t im e ) ;
t i t l  = [ ’Response o f in p u ts  t o  a  s te p  in  r e f e r e n c e  ’ ,n u m 2 s t r ( i ) ] ; 
f o r  j  = l : n i ,
su b p lo t( n i ,1 , j ) ,  p lo t ( t im e ,u ( : , j ) ) ,g r id  
i f  j == 1, t i t l e ( t i t l ) ,  end 
x la b e K ’Time (seco n d s)’ ) ;  
y la b e l( [ ’Input ’ ,num2 s t r (j ) ] ) ;
end
keyboard
end
7.
% Loop T ra n s fe r  R ecovery 
7.
[L,Y] = lq r (A p ’ ,C p’ ,Bp*Bp’ ,rh o * e y e (n o ) ) ; 
n as = ns+no;
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Kl = K ( : , l : n s ) ;
K2 = K ( : ,n s + l : n a s ) ;
Ac = [Ap-Bp*Kl-L’*Cp, -Bp*K2; z e r o s (n o ,n a s ) ] ;  
Bc = [L’ , z e r o s ( n s ,n o ) ; e y e ( n o ) , - e y e ( n o ) ] ;
Ce = -K;
De = z e r o s ( n i ,2 * n o ) ;
%
% Loop G ain a t  O utput
7.
Ao = [Ac, z e r o s ( n a s ,n s ) ; Bp*Cc, A p];
Bo = [L’ ; e y e ( n o ) ;z e r o s ( n s ,n o ) ] ;
Co = [ z e r o s ( n o ,n a s ) , C p];
Do = z e r o s (n o ,n o ) ;
f o r  i  = l : n o ,
s t r  = [ ’Loop G ain: O utput ’ ,n u m 2 s t r ( i ) ] ;
[mag,ph] = m b o d e (A o ,B o ,C o ,D o ,i ,i ,w ,s tr ) ; 
k eyboard
% d i s p ( ’H it  Any Key To C o n tin u e ’ ) ;
% p a u s e ; 
end
%
% C losed  Loop System  
%
A d  = [Ac, [L’ ;ey e(n o )]* C p ; Bp*Cc, Ap] ;
B el = [ z e r o s ( n s ,n o ) ; - e y e ( n o ) ;z e r o s ( n s ,n o ) ] ;
C cl = [ z e r o s ( n o ,n a s ) , C p ];
D el = z e r o s (n o ,n o ) ;
f o r  i = l : n i ,
y = s t e p ( A c l ,B e l ,C c l ,D e l , i , t im e ) ;
t i t l  = [ ’Response o f o u tp u ts  to  a  s te p  i n  r e f e r e n c e  ’ ,n u m 2 s t r ( i ) ] ; 
f o r  j  = l : n o ,
s u b p lo t(n o , 1 , j ) ,  p l o t ( t i m e , y ( : , j ) ) , g r i d  
i f  j  == 1, t i t l e ( t i t l ) ,  end 
x l a b e K ’Time ( s e c o n d s ) ’ ) ;  
y l a b e l ( [ ’O utput ’ ,n u m 2 s t r ( j ) ] ) ;  
end
d i s p ( ’Keyboard Cmds -  ty p e  r e tu r n  to  c o n t in u e ’ ) 
keyboard
u  = s t e p ( A c l ,B c l , [ - K ,z e r o s ( n i , n s ) ] , D e l , i , t i m e ) ;
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t i t l  = [ ’Response o f  in p u ts  t o  a  s te p  i n  r e f e r e n c e  ’ ,n u m 2 s t r ( i ) ] ; 
f o r  3 = l : n i ,
s u b p l o t ( n i , l , j ) , p l o t ( t i m e ,u ( : , j ) ) , g r i d  
i f  j  == 1 , t i t l e ( t i t l ) , end 
x l a b e l ( ’Time (s e c o n d s ) ’ ) ;  
y l a b e l ( [ ’ In p u t ’ , n u m 2 s t r ( j ) ] ) ; 
end
d i s p ( ’K eyboard Cmds -  ty p e  r e tu r n  t o  c o n t in u e ’ ) 
keyboard
end
d i s p ( ’C a lc u la t in g  B a lR e a l’ ) ;
%
% B alanced  R e a l iz a t io n  
•/.
Ae = Ap-Bp*Kl-L’*Cp;
Be = [Bp, L’] ;
Ce = -K l;
De = [e y e (n o ) , z e r o s ( n i ,n o ) ] ;
Ai = z e r o s ( n o ,n o ) ;
Bi = [e y e (n o ) , - e y e ( n o ) ] ;
Ci = [-K2; z e ro s (n o ,n o ) ] ;
Di = [z e ro s (n o , 2 * n o ); e y e (n o ) , z e ro s (n o ,n o ) ] ;
[Ab,Bb,Cb,G,T] = b a lr e a l(A e ,B e ,C e ) ; 
d i s p ( ’S in g u la r  V alues o f  (A b,B b,C b)’ ) ;  
d isp (G )
n sk  = i n p u t ( ’E n te r  number o f s t a t e s  t o  keep : ’ , ’ s ’ ) ; 
nk = s tr2 n u m (n sk );
7.
7. C o n tro l le r  Model R ed u c tio n  
7.
e lim  = [nk+1: le n g th (G )] ;
[A r,B r,C r,D r] = m odred(A b,B b,C b,D e,elim ) ;
[ n s r ,n i ]  = s i z e ( B r ) ;
Acr = [Ar, Br*Ci; z e r o s ( n o ,n s r ) ,  z e ro s (n o ,n o ) ] ;
Bcr = [B r*D i; e y e (n o ) , - e y e (n o ) ] ;
Ccr = [C r, D r* C i];
Dcr = [D r*D i];
Aro = [A cr, z e r o s ( n s r + n o ,n s ) ; Bp*Ccr, A p];
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Bro = [ B c r ( : , [ l , n o ] ) ; z e r o s ( n s ,n o ) ] ;
Cro = [z e ro s (n o ,n s r+ n o ) , C p];
Dro = z e r o s ( n o ,n o ) ;
f o r  i  = l : n o ,  
clg;
[mag,ph] = b o d e (A c ,B c ,C c ,D c ,i,w );
[m agr,phr] = b o d e (A c r ,B c r ,C c r ,D c r ,i ,w ) ; 
mag = 2 0 * lo g l0 (m ag ); 
magr = 2 0 * lo g l0 (m a g r) ;
f o r  j  = l : n o ,
s u b p lo t ( n o ,1 , j ) ,s e m i lo g x ( w ,m a g ( : , j ) , ,w ,m ag r(: , j ) , ’— ’ ) ,g r id  
i f  j  ==1, 1 2 = leg en d ( ’F u l l  o r d e r ’ , ’Reduced O rd e r’ ) ,e n d ;  
end
d i s p ( ’Keyboard Cmds -  ty p e  r e t u r n  to  c o n t in u e ’ ) 
keyboard
end
A .1.3  c tr lsa t .m
fu n c t io n  [a u ,b u , c u ,d u ,ku] = c t r l s a t ( a c ,b c ,c c ,d c ,Q u ,R u ) ; 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
D e s c r ip t io n :  Add a n ti-w in d u p  lo g ic  t o  c o n t r o l l e r
P aram ete r L i s t :
I n p u ts :  [ a c ,b c ,c c ,d c ]  c o n t r o l l e r
Qu s t a t e  w e ig h ts
Ru command e r r o r  w e ig h ts
O utputs : [a u ,b u ,c u ,d u ]  a n ti-w in d u p  c o n t r o l l e r
ku a n ti-w in d u p  g a in
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
ku = l q r ( a c ’ , c c ’ ,Q u ,R u ); 
ku = k u ’ ;
[ c i , c j ]  = s i z e ( c c ) ;
au  = ac-ku*cc ; 
bu = [bc-ku*dc k u ] ; 
cu = cc ;
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(5,2)
(0,0)
Cartesian Coordinates
(1,1)
(5,2)
Pixel Coordinates
F ig u re  A .l:  C a rte s ian  an d  pixel co o rd in a te  system s.
du = [dc 0 * e y e ( c i ) ] ;
d isp (k u )
end
A.2 M -files for Extraction of Sidewall Profile
The Matlab Image Processing Toolbox was used to analyze the SEM images. The first 
step was to extract the areas of greatest intensity gradient using the edge command. This 
command produces an binary image matrix (with element of either 0  or 1) with the edge 
denoted with I ’s. This matrix used the pixel coordinate system shown in Figure A.l. A 
plot of the image m atrix for the edge of the SEM image in Figure 5.22 is shown in Figure 
A.2. A series of custom m-files were used to extract the etch profile from the image matrix. 
These m-files were
c lp t.m  - Returns the Cartesian coordinates of a point selected with the mouse, 
edfill.m  - Fills in gaps in the edge profile.
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F ig u re  A .2: E dge profile 
edscale .m  - Scales the image matrix from pixels to microns, 
edshow .m  - Returns Cartesian coordinates of edges from image matrix. 
m a t2p ic .m  - Converts from Cartesian coordinates to pixel coordinates. 
p ic2 m a t.m  - Converts from pixel coordinates to Cartesian coordinates, 
sn ak e .m  - Extracts specific edge profile from the image matrix.
A .2 .1  c lp t.m
fu n c t io n  [ i , j ]  = clpt(B W ); 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
•/.
% D e s c r ip t io n :  R e tu rn  c a r t e s i a n  c o o rd in a te s  o f p o in ts  s e le c te d  w ith  mouse
7.
% P aram ete r L i s t :
%
% In p u ts :  BW = m a tr ix  c o n ta in in g  edge image
%
% O u tp u ts : [ i , j ]  = s e le c te d  p o in ts  in  c a r t e s ia n  c o o rd in a te s
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y.
% Subfu n c tio n s  : p ic2m at.m  
% m at2pic .m
%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
[ s i j S j ]  = size(B W );
C g x .g y ]= g in p u t( l) ;
gx = f l o o r (g x ) ; 
gy = f lo o r ( g y ) ;
[ g i .g j ]  = p ic 2 m a t ( g x ,g y ,s i , s j ) ;
found  = 0;
i f  B W (gi.g j) == 1,
i= g i ;
j= g j :
e l s e  
R = 1;
w h ile  found  == 0 , 
t h e t a  = 0;
w h ile  ( t h e t a  < 2 * p i) & (found == 0 ) ,  
i  = ro u n d (g i + R * c o s ( th e ta ) ) ;
j  = ro u n d (g j -  R * s in ( th e ta ) ) ;
[ x t e s t . y t e s t ]  = m a t 2 p i c ( i , j , s i , s j ) ; 
i f  B W (i,j) == 1, 
found  = i ;  
e l s e
t h e t a  = t h e t a + ( p i /2 0 ) ;
end
end
R = R+1;
end
end
end
A .2.2  ed fill.m
fu n c t io n  [BW2] = e d fill(B W );
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
7.
% D e s c r ip t io n :  F i l l  i n  gaps i n  th e  edge p r o f i l e  image 
7.
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P aram e te r L i s t :
In p u ts :  BW = m a tr ix  c o n ta in in g  edge image
O u tp u ts : BW2 = new image m a tr ix
S u b fu n c tio n s : c lp t .m  
edshow.m
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
edshow(BW) ;
BW2 = BW;
d i s p ( ’S e le c t  F i r s t  P o in t ’ )
[ i l , j l ]  = d p t  (BW) ;
d i s p ( ’S e le c t  Second P o in t ’ )
[ i 2 , j 2 ]  = d p t  (BW) ;
i 2 - i l
j 2 - j l
i f  a b s ( i 2 - i l )  > a b s ( j 2 - j l ) ,
V = p o l y f i t ( [ i l , i 2 ] , [ j l , j 2 ] ,1 ) :
im in  = m i n ( i l , i 2 ) ;  
imax = m a x ( i l , i 2 ) ;
X = [ im in : im ax ] ’ ;
y = r o u n d ( p o ly v a l ( v ,x ) ) ;
f o r  k  = 1 : l e n g th ( x ) ;
B W 2 (x (k ),y (k ))= l;
end
e ls e
V  = p o l y f i t ( [ j l , j 2 ] , [ i l , i 2 ] ,1 ) ;
jm in  = m i n ( j l , j 2 ) ; 
jmax = m a x ( j l , j 2 ) ;
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y = [jm in : jmax] ' ;
X = r o u n d ( p o ly v a l ( v ,y ) ) ;
f o r  k  = 1 : l e n g th (x ) ;
B W 2 (x (k ),y (k ))= l;
end
end
edshow(BW2); 
end
A .2 .3  ed sca le .m
f u n c t io n  [ c e n t , s c a le ]  = edscale(B W ); 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%'/.%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%
% D e s c r ip t io n ;  F in d  s c a le  f a c to r s  from  p ix e l s  t o  m icrons 
%
% P aram e te r  L i s t ;
•/.
% In p u ts  ; BW = m a tr ix  c o n ta in in g  edge image 
7.
7. O u tp u ts ; c e n t = o r ig in  f o r  s c a le d  image 
% s c a le  = s c a le  f a c to r  from  p ix e ls  t o  m icrons
7.
% S u b fu n c tio n s ; edshow.m 
% c lp t .m
%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
f u n c t io n  [ c e n t , s c a le ]  = edscale(B W ); 
edshow(BW);
d i s p C S e le c t  C en te r  P o in t ’)
[ i c , j c ]  = g i n p u t ( l ) ;  
c e n t  = [ i c , j  c ] :
d isp C ’S e le c t  F i r s t  P o in t ’ )
[ i l , j l ]  = clpt(B W );
d i s p ( ’S e le c t  Second P o in t ’ )
[ i 2 , j  2] = d p t  (BW) ;
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sc  = i n p u t ( ’E n te r  d is ta n c e  betw een  p t s .  1 and 2: ’ , ’s ’) ;
d i s t  = s q r t ( ( i 2 - i l ) “2 + ( j 2 - j l ) '2 ) ;  
s c a le  = s t r 2 n u m ( s c ) /d is t ;
end
A .2 .4  ed sh o w .m
f u n c t io n  [x,y]=edshow(BW ); 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%
% D e s c r ip t io n :  P lo t  a  edge d e te c t io n  image in  c a r t e s i a n  (p ic )  c o o rd in a te s  
%
*/, P a ram ete r L i s t :
•/.
% I n p u ts :  BW = m a tr ix  c o n ta in in g  edge image
7.
7. O u tp u ts ; [x ,y ]  = c o o rd in a te s  (p ic )  o f each  p ix e l  = 1 i n  m a tr ix
7.
% S u b fu n c tio n s ; m at2pic.m
7.
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
[ s i . s j ]  = size(B W ); 
k  = 0;
f o r  i  = 1 ; s i - 1 ,  
f o r  j  = l ; s j - l ,  
i f  B W (i,j) == 1, 
k  =k+l;
[ x ( k ) ,y ( k ) ]  = m a t 2 p i c ( i , j , s i , s j ) : 
end
end
end
p l o t ( x , y , ’ . ’ )
A .2 .5  m a t2 p ic .m
fu n c t io n  [x ,y ]  = m a t 2 p i c ( i , j , s i , s j ) ;
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
7.
% D e s c r ip t io n ;  C onvert betw een m a tr ix  c o o rd in a te s  o f  a  BW f i l e
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% to  p l o t  (p ic )  c o o rd in a te s
%
% P aram eter L i s t ;
7,
% In p u ts ;  i  = row number in  m a tr ix
% j  = column number i n  m a tr ix
% s i  = t o t a l  number o f  rows o f m a tr ix
7, s j  = t o t a l  number o f columns o f m a tr ix
7.
% O u tp u ts ; X = x -c o o rd in a te  c o rre sp o n d in g  t o  column 
% y = y -c o o rd in a te  c o rre sp o n d in g  to  row
7.
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
X =  j ;
y = s i - i ;  
end
A .2.6  p ic 2 m a t.m
fu n c t io n  [ i , j ]  = p ic 2 m a t ( x ,y ,s x ,s y ) ;
%
% D e s c r ip t io n ;  C onvert betw een m a tr ix  c o o rd in a te s  o f  a  BW f i l e  
7. to  p lo t  (p ic )  c o o rd in a te s
7.
7. P aram ete r L i s t ;
7.
% In p u ts ;  X = x -c o o rd in a te  
7. y = y -c o o rd in a te  
% sx  = s iz e  in  x d i r e c t i o n  
% sy  = s i z e  in  y d i r e c t i o n
7.
% O u tp u ts ; i  = column co rre sp o n d in g  to  x -c o o rd in a te  
% j  = row c o rre sp o n d in g  t o  y -c o o rd in a te
7.
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
j  = x; 
i  = sx -y ;
end
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A .2.7 snake.m
fu n c t io n  [x ,y ]  = snake(BW,Nmax); 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
D e s c r ip t io n :  E x tr a c t  a  s p e c i f i c  edge p r o f i l e  from  th e  image m a tr ix
P a ra m e te r  L i s t :
In p u ts :  BW = m a tr ix  c o n ta in in g  edge image
Nmax = number o f  p o in ts  t o  f in d  a lo n g  th e  edge
O u tp u ts : [x ,y ]  = c o o rd in a te s  o f  th e  edge
,%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
i f  n a rg in  < 2 , Nmax = 100; end
[ s i ,s j ] = s iz e ( B W ) ;
d i s p ( ’D isp la y in g  Edge P r o f i l e  -  P le a se  Be P a t i e n t ' )  
edshow(BW);
d is p C  ’ ) ;
d i s p ( ’S e le c t  S t a r t i n g  P o in t W ith Mouse’ ) 
d i s p ( ’ ’ ) ;
[g x .g y ]= g in p u t(D  ;
gx = f l o o r ( g x ) ; 
gy = f lo o r ( g y ) ;
[ g i .g j ]  = p i c 2 m a t ( g x ,g y , s i , s j ) ;
% f i n d  n e a r e s t  p o in t
found = 0;
i f  B W (g i,g j) == 1,
i= g i ;
j= g j ;
e l s e  
R = 1;
w h ile  found  == 0 , 
t h e t a  = 0;
w h ile  ( t h e t a  < 2* p i) & (found  == 0 ) ,  
i  = ro u n d (g i  + R * c o s ( th e ta ) ) ;
j  = ro u n d (g j -  R * s in ( th e t a ) ) ;
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[ x t e s t . y t e s t ]  = m a t 2 p i c ( i , j , s i , s j ) ; 
i f  B W (iJ )  == 1 . 
fo u n d  = 1; 
e l s e
t h e t a  = t h e t a + ( p i /2 0 ) ;
end
end
R = R+1;
end
end
[x ,y ]  = m a t 2 p i c ( i , j , s i , s j ) ;  
h o ld  on
p l o t ( [gx x ] , [gy y ] , ’r ’ ) 
h o ld  o f f
•/.
7, Move a lo n g  edge 
%
d is p C  ' )  ;
d i s p ( ’S t a r t i n g  to  move a lo n g  e d g e ’ ) 
d i s p ( ’ ’ ) ;
ep = lE -1 0 ;
j_ o ld  = j ;  
i_ o ld  = i - 1 ;  
th o ld  = 0;
h o ld  on
f o r  n  = 2 : Nmax 
found  = 0;
th o ld  = ( a t a n 2 ( ( j _ o l d - j ) , ( i - i_ o ld + e p ) ) + th o ld ) /2 ;  
i_ o ld  = i ;  
j . o l d  = j ;
R = 1; 
d = 1;
w h ile  found  == 0 , 
t h e t a  = th o ld ;  
d th e t a  = p i /2 0 ;  
d = 1; 
i f  R <= 2 ,
thmax = 5 * p i/8 ; 
e l s e  
thmax = 3 * p i/4 ;
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end
w h ile  (ab s  (d th e ta )  < thmcix) & (found  == 0 ) ,  
i  = ro u n d ( i_ o ld  + R * c o s ( th e ta ) ) ;
j  = ro u n d ( j_ o ld  -  R * s in ( th e t a ) ) ;
i f  B W (i,j) == 1, 
found  = 1; 
e l s e
t h e t a  = th o ld  + (d * d th e ta ) ;
d th e ta  = d th e ta + ( p i /2 0 ) ;
d = - l* d ;
end
end
R = R+1; 
end
th ( n )  = t h e t a ;
[ x ( n ) ,y ( n ) ]  = m a t 2 p i c ( i , j , s i , s j )  ; 
p l o t ( x ( n - l : n ) , y ( n - l : n )
end
y = y ’ ;
t h  = t h ’ ; 
end
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APPENDIX B 
Surface Evolution Simulation
The evolution of the surface during an etch was simulated by using a string model. The 
following is the C implementation string model used in this research. The header file is 
presented first followed by the main program.
B .0 .8  s tr in g .h
/*  H eader F i l e  f o r  S t r in g  Model * /
/*  G lo b a lly  D efin ed  C o n s ta n ts  * /
« d e fin e  P I 3 .14159
/*  D efine  G lobal Vauriables * /
i n t  NODES,ITERATIONS,NNODE;
f l o a t  WIDTH,TIME, ISO, ANISO, DMIN,DMAX;
f l o a t  PR.HEIGHT, PR.WIDTH, PR_ISO, PR.ANISG;
/*  D efine  S t r u c tu r e s  * /
s t r u c t  p o s i t i o n  
{
f l o a t  x ,y ;
>;
s t r u c t  node 
{
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s t r u c t  node *prev ; 
s t r u c t  p o s i t i o n  l a s t ;  
f l o a t  t h e t a ;  
i n t  nodenum; 
s t r u c t  p o s i t i o n  new; 
s t r u c t  node * n e x t;
};
/*  D e c la re  F u n c tio n s  * /
v o id  i n i t i a l i z e ( s t r u c t  node * p n tr ) ;  
v o id  a n g le ( s t r u c t  node * p n t r ) ; 
v o id  i s o _ e v o lv e ( s t r u c t  node * p n t r ) ; 
v o id  a n is o _ e v o lv e ( s t r u c t  node * p n t r ) ; 
v o id  e v o lv e ( s t r u c t  node * p n t r ) ; 
v o id  u p d a te ( s t r u c t  node * p n t r ) ; 
v o id  addnode( s t r u c t  node * p n t r ) ; 
v o id  re m n o d e (s tru c t node * p n t r ) ; 
f l o a t  d i s t ( s t r u c t  node * p n t r ) ; 
i n t  l e f tb o u n d ( s t r u c t  node * p n t r ) ; 
i n t  r ig h tb o u n d ( s t r u c t  node * p n t r ) ; 
v o id  P R i n i t i a l i z e ( s t r u c t  node * p n t r ) ;
B .0 .9  string.c
/*  S t r in g  Model Program s * /
/*  * /  
/*  C re a te d  By: B ria n  R ashap * /
/*  D ate : 6 /2 0 /9 4  * /
« in c lu d e  < s td io .h >
« in c lu d e  <math.h>
« in c lu d e  " s t r in g .h "
m ainO
{
s t r u c t  node f i r s t , * p o i n t ;  
i n t  i , k , numofnode s , *nnum; 
f l o a t  d is ta n c e , t im e s te p ;
c h a r  * c a l lo c  ( ) ;
/*  Scan in  S im u la tio n  D ata  * /
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/*  WIDTH = mask l in e w id th  (um) * /
/*  NODES = i n i t i a l  number o f nodes * /
/ *  ITERATIONS = i t e r a t i o n s  o f  e v o lu t io n  * /
/ *  TIME = e tc h  l e n g th  (seco n d s) * /
/*  ISO = i s o t r o p ic  e tc h  r a t e  (A /sec) * /
/ *  ANISO = a n is o t r o p ic  e tc h  r a t e  (A /sec) * /
/ *  DMAX = max. d is ta n c e  betw een nodes * /
/*  DMIN = m in. d is ta n c e  betw een  nodes * /
scan f("% f %d %d",&WIDTH, MODES, &ITERATIONS); 
scan f("% f 7,f %f " , &TIME, &ISO, &ANISO) ; 
scan f("% f %f",&DMAX, &DMIN);
t im e s te p  = TIME/ITERATIONS; /*  Time s te p  i n  seco n d s * /
ISO = ISO * t im e s te p ;  /*  I s o t r o p ic  ER i n  A /s te p  * /
ANISO = ANISO * t im e s te p ;  /*  A n is o tro p ic  ER i n  A /s te p  * /
/*  I n i t i a l i z e  F i r s t  Node * /
p o in t  = ( s t r u c t  node *) m a llo c  ( s iz e o f  ( s t r u c t  n o d e ) ) ;
f i r s t . t h e t a  = - P I /2 ;
f i r s t . n e x t  = p o in t  ;
f i r s t . l a s t . X  = -(W IDTH/2.0);
f i r s t . l a s t . y = 0 .0 ;
f i r s t . p r e v  = f e f i r s t ;
f ir s t .n o d e n u m  = 1;
/*  I n i t i a l i z e  R est o f  S t a r t i n g  S t r in g  * /
i n i t i a l i z e ( f i r s t . n e x t ) ;
( f i r s t .n e x t ) - > p r e v  = f t f i r s t ;  
a n g l e ( f i r s t . n e x t ) ;
NNODE = NODES+1;
/*  S u rface  E v o lu tio n  * /
f o r  (k = 1; k < ITERATIONS; k++)
{
/*  p r in t f ( " C a lc u l a t i n g  I t e r a t i o n  %d \ n " , k ) ; * /
p o in t  = & f i r s t ;  
e v o lv e ( p o in t ) ; 
u p d a te ( p o in t ) ;
}
/*  D isp la y  f i n a l  s u r f a c e  * /
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while ( point != (struct node *) 0 )
{
d is ta n c e  = d i s t ( p o i n t ) ;
p r i n t f  ("%d */,6.4f 7,6 .4f %6.4f % 4.3f %d %d \ n " , (* p o in t)  .nodenum, \  
( ♦ p o i n t ) . l a s t . x , ( * p o i n t ) . l a s t . y , ( * p o i n t ) . t h e t a ,d i s t a n c e ,  \  
l e f tb o u n d ( p o in t ) , r ig h tb o u n d ( p o in t ) ) ; 
p o in t  = (* p o in t ) .n e x t ;
}
}
/♦  S u b ro u tin e  -  i n i t i a l i z e  s t r i n g  * /  
v o id  i n i t i a l i z e ( s t r u c t  node * p n tr)  
i n t  i ;
f o r  ( i  = 2; i  < NODES; i++)
( * p n t r ) . l a s t . x  = - (WIDTH/2.0 )+ (i-1)*(WIDTH/(NODES-1)) ;
( * p n t r ) . l a s t . y = 0 .0 ;
( * p n t r ) . t h e t a  = 0 .0 ;
(*pn tr).nodenum  = i ;
( * p n tr ) .n e x t  = ( s t r u c t  node *) m allo c  ( s iz e o f  ( s t r u c t  n o d e ) ) ; 
(* p n tr -> n e x t) .p re v  = p n t r ;  
p n t r  = ( * p n t r ) .n e x t ;
}
( * p n t r ) . t h e t a  = i ;
(*pn tr).nodenum  = i ;
( * p n t r ) . l a s t . x = (WIDTH/2.0 ) ;
( * p n t r ) . l a s t . y = 0 . 0 ;
( * p n tr ) .n e x t  = ( s t r u c t  node *) 0;
}
/*  S u b ro u tin e  -  D eterm ine s u r fa c e  norm als * /
v o id  a n g le ( s t r u c t  node * p n tr)
{
doub le  x l ,y l ,x 2 ,y 2 ,x 3 ,y 3 ;  
f l o a t  a l2 ,a 2 3 ;
w h ile  ( ( * p n tr ) .n e x t  != ( s t r u c t  node *) 0 ) 
{
x l  = ( * p n t r - > p r e v ) . l a s t .x ;  
y l  = ( * p n t r - > p r e v ) . l a s t .y ;
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x2 = ( * p n t r ) . l a s t . x ;  
y2 = ( * p n t r ) . l a s t . y ;  
x3 = ( * p n t r - > n e x t ) . l a s t .x ;  
y3 = ( * p n t r - > n e x t ) . l a s t .y ;  
a l2  = a ta n 2 ( ( y 2 - y l ) , ( x 2 - x l ) ) ;  
a23 = a ta n 2 ( (y 3 -y 2 ) , (x 3 -x 2 )) ;  
( * p n t r ) . t h e t a  = (a l2 + a 2 3 )/2 ; 
p n t r  = ( * p n t r ) .n e x t ;
}
( * p n t r ) . t h e t a  = P I /2 ;
}
/*  I s o t r o p ic  s u r fa c e  e v o lu tio n  * /
v o id  i s o _ e v o lv e ( s t r u c t  node * p n tr )  
{
f l o a t  t h ;
t h  = ( * p n t r ) . t h e t a ;
(* p n tr ) .n e w .x  = ( * p n t r ) . l a s t . x  + IS O * s in ( th ) ;  
(* p n tr ) .n e w .y = ( * p n t r ) . l a s t . y  -  IS O * co s(th );
}
/*  A n iso tro p ic  s u r f ce e v o lu tio n  * /
v o id  a n iso _ e v o lv e ( s t r u c t  node * p n tr)
{
(* p n tr ) .n e w .y = (* p n tr ) .n e w .y -  ANISO;
}
/*  Evolve s u r fa c e  one i t e r a t i o n  * /
v o id  e v o lv e ( s t r u c t  node * p n tr)
{
f l o a t  th ;
w h ile  ( p n t r  != ( s t r u c t  node *) 0 )
{
is o _ e v o lv e ( p n tr ) ;
i f  ( le f tb o u n d (p n tr )  == 0 && r ig h tb o u n d (p n tr )  == 0) 
a n i s o .e v o lv e ( p n t r ) ;
i f  ( d i s t ( p n t r )  > DMAX) 
a d d n o d e (p n tr ) ;
i f  ( d i s t ( p n t r )  < DMIN) 
re m n o d e (p n tr) ;
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pntr = (*pntr).next;
}
}
/*  U pdate nodes t o  r e f l e c t  c u r r e n t  p o s i t io n s  * /
v o id  u p d a te ( s t r u c t  node * p n tr )
{
s t r u c t  node * f i r s t ;  
f i r s t  = p n t r ;
w h ile  ( p n t r  != ( s t r u c t  node *) 0 )
{
( * p n t r ) . l a s t . x  = (* p n tr ) .n e w .x ;
( ♦ p n t r ) . l a s t . y  = (* p n tr ) .n e w .y ;  
p n t r  = ( * p n t r ) .n e x t ;
}
a n g l e ( ( * f i r s t ) . n e x t ) ;
>
/♦  D eterm ine d is ta n c e  betw een a d ja c e n t  nodes ♦ /
f l o a t  d i s t ( s t r u c t  node * p n tr)
{
f l o a t  d is ta n c e ;  
f l o a t  x l ,y l ,x 2 ,y 2 ;
x l  = (* p n tr -> p re v ) .n e w .x ; 
y l  = (* p n tr -> p re v ) .n e w .y ; 
x2 = ( * p n tr ) . new. x ; 
y2 = (* p n tr ) .n e w .y ;
d is ta n c e  = s q r t (p o w (y 2 -y l ,2 )  + p o w (x 2 -x l,2 ) ) ;  
r e t u r n ( d i s t a n c e ) ;
}
/♦  Add a  node to  s u r fa c e  s t r i n g  * /
v o id  a d d n o d e (s tru c t  node * p n tr)
{
s t r u c t  node *newnode; 
f l o a t  x l , y l , x 2 ,y 2 , t h ;
newnode = ( s t r u c t  node *) m a llo c  ( s iz e o f  ( s t r u c t  n o d e )) ;
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x l  = ( * p n t r - > p r e v ) . l a s t .x ; 
y l  = ( * p n t r - > p r e v ) . l a s t .y ;  
x2 = ( * p n t r ) . l a s t . x ;  
y2 = ( * p n t r ) . l a s t . y ;
(♦ n e w n o d e ) .la s t .x  = (x l+ x 2 ) /2 ;
(♦ n e w n o d e ) .la s t .y  = (y l+ y 2 ) /2 ;
(♦new node). t h e t a  = a ta n 2 ( ( y 2 - y l ) , ( x 2 - x l ) ) ;
(♦new node).p rev  = ( ♦ p n tr ) .p r e v ;
(♦new node).nex t = p n t r ;
(♦newnode) .nodenum = MODE;
(♦ p n tr -> p re v ) .n e x t  = newnode;
( ♦ p n t r ) .p r e v  = newnode;
(MODE)++;
iso _ e v o lv e (n e w n o d e );
i f  ( le ftb o u n d (n ew n o d e) == 0 && righ tbound(new node) == 0) 
an iso _ ev o lv e (n ew n o d e);
}
/♦  Remove a  node from  s u r fa c e  s t r i n g  # /
v o id  re m n o d e (s tru c t node ♦ p n tr)
{
(♦ p n tr -> n e x t) .p r e v  = ( ♦ p n tr ) .p r e v ;  
(♦ p n tr -> p re v ) .n e x t  = ( ♦ p n t r ) .n e x t ;
>
/♦  D eterm ine i f  node i s  shadowed on l e f t  ♦ /
i n t  l e f tb o u n d ( s t r u c t  node ♦ p n tr)
{
i n t  i s l e f t ;  
i s l e f t  = 0;
i f  ( ( ♦ p n t r ) . l a s t . x  < -WIDTH/2) 
i s l e f t  = 1;
r e t u m ( i s l e f t )  ;
}
/♦  D eterm ine i f  node i s  shadowed on r i g h t  ♦ /
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int rightbound(struct node *pntr)
{
i n t  i s r i g h t ;  
i s r i g h t  = 0;
i f  ( ( * p n t r ) . l a s t . x  > WIDTH/2) 
i s r i g h t  = 1;
r e t u r n ( i s r i g h t ) ;
}
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